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ABSTRACT 
Coastlines along the Arabian Sea are susceptible to marine inundation from 
Makran Subduction Zone (MSZ) earthquakes and tropical cyclones. Sediments deposited 
by these forms of inundation can expand the decadal instrumental record of events to 
include millennial timescales in regions without rich historical records (i.e., Oman). On 
November 28, 1945 a 8.1 Mw MSZ earthquake generated a tsunami that inundated 
coastlines of the Arabian sea with wave heights as high as 13m. The stratigraphic, 
sedimentological, foraminiferal, and geochemical signatures of deposit were examined 
from a small (12 km2), microtidal lagoon in Sur, Oman. The 1945 tsunami deposit 
contained distinctive taphonomic assemblages of foraminifera and bivalves. Below the 
41cm thick 1945 shell-rich deposit at Sur Lagoon, seven additional anomalous sand 
(mean grain size of 3.73  1.66; very fine sand) layers, ranging in thickness from 7 to 
32cm, were found preserved within fine-grained lagoonal sediment (mean grain size of 
4.44  1.66; very coarse silt). The seven inferred overwash layers have features 
consistent with the 1945 tsunami deposit such as fining upward trends, marine 
foraminifera (e.g., Amphistegina spp., planktics) and increased concentrations of calcium 
and strontium. By contrast, the surrounding lagoon deposits contain finer grain sizes, 
intertidal and nearshore foraminifera (e.g., Ammonia tepida, miliolids), and increased 
concentrations of titanium and magnesium. Based on these data, the seven overwash 
layers found below the 1945 tsunami deposit have been attributed to marine inundation. 
Radiocarbon dating indicated an age of 3127 to 2515 cal yr BP for the deepest 
stratigraphic unit. 
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CHAPTER I – COASTAL HAZARDS 
Introduction 
Population growth and commercial development results in increased pressure on 
coastal areas, demonstrating the vulnerability of the world’s coastlines to damage 
associated with landfalling storms and tsunamis (Small and Nicholls, 2003; Nicholls et 
al., 2007; Syvitski et al., 2009; Pham et al., 2017). More specifically, recent tsunamis 
have resulted in catastrophic human and economic losses along many coastlines 
including those in Southeast Asia and Japan. For example, the 2011 Tohoku tsunami 
killed over 16,000 people (Goto et al., 2012) and caused $175 billion USD in damages 
(Norio et al., 2011).  
These natural disasters are devastating in several ways but are exacerbated by the 
underestimation of seismic risk (i.e., recurrence intervals and patterns of intensity) and 
ineffective coastal hazard mitigation protocols (Bell et al., 2005; Switzer et al., 2014); 
therefore, better means of forecasting and preparation are needed for future events. 
Unfortunately, the short-term instrumental and historical record is not adequate for 
capturing the largest magnitude events that happen on centennial to millennial timescales 
(e.g., Satake and Atwater, 2007; Dura et al., 2015). In contrast, the geological record 
offers a way of expanding the age range of events so that long-term patterns of frequency 
and intensity can be assessed (Bourgeois et al., 2009; Rubin et al., 2017). In places such 
as Japan and the Mediterranean, historical records of earthquakes and tsunamis can be 
reliable for several hundreds of years, or in some places thousands of years, which is 
significantly better than the instrumental record that captures only the past several 
decades (Minoura et al., 2000; Reinhardt et al., 2006; Goto et al., 2012; Sawai et al., 
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2012). Similarly, historical records of storms in places such as the South Pacific and the 
Southern United States only have oral histories of several generations (Yamano et al., 
2007; Williams, 2009; Hawkes and Horton, 2012; Toomey et al., 2013). However, the 
geological record offers the opportunity to provide a detailed history of marine 
inundation over the past several millennia (Cisternas et al., 2005; Nelson et al., 2008; 
Sawai et al., 2008; Sieh et al., 2015). This allows long-term records of tsunami and storm 
events in a region to be more accurately constrained, which is useful for understanding 
events that can be expected in the future (e.g., Bondevik et al., 1997; Atwater et al., 2016, 
2017). 
Overwash deposits emplaced by landfalling storms and tsunamis are recognized 
as anomalous sandy overwash layers within low energy coastal settings where that 
sediment does not normally occur (Gelfenbaum and Jaffe, 2003; Morton et al., 2007; 
Pilarczyk et al., 2014). These overwash deposits, unlike the over- and underlying 
sedimentary layers, contain marine sediment, microfossils (i.e., foraminifera), 
macrofossils (i.e., mollusks), and sometimes coral fragments (Natawidjaja et al., 2006; 
Williams, 2009; Toomey et al., 2013; Sieh et al., 2015; Butler et al., 2017). These 
sedimentological and paleontological proxies have been used to identify tsunami and 
storm (and paleotsunami and paleostorm) deposits with varying degrees of success and 
their reliability largely relies on the strategic selection of both proxy parameters and site 
location (Pilarczyk et al., 2011; Switzer and Pile, 2015). To mitigate this problem, 
overwash studies often utilize a multi-proxy approach (e.g., Mann et al., 2009; Ramírez-
Herrera et al., 2012; Brown et al., 2013; Sieh et al., 2015; Atwater et al., 2017). Each 
proxy should be considered both independently and collectively when assessing the 
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sources of sediment within paleo-overwash deposits (i.e., Pilarczyk and Reinhardt, 
2012b; Sieh et al., 2015). These approaches, alongside other geological features such as 
boulders (i.e., Sieh et al., 2015; Atwater et al., 2017; Soria et al., 2017), offer information 
about wave competence and sediment transport history.  
Tsunami deposits are characterized by a laterally extensive sheet-like geometry of 
marine-sourced sediment (i.e., Switzer and Jones, 2008; Engel and Brückner, 2011). As a 
tsunami wave approaches a coastline, offshore, nearshore, intertidal, and terrestrial 
sediments are scoured, mixed, transported, and deposited onto inland areas (e.g., Paris et 
al., 2007; Richmond et al., 2012). In addition to sheet-like geometry, most tsunami 
deposits have similar characteristics including: a sedimentological fining upward trend 
within the deposit as well as landward fining and a sharp erosional basal contact (Engel 
and Brückner, 2011; Goff et al., 2012). A tsunami deposit is made up of the grain sizes 
that are available for transport by approaching waves, which is generally coarser offshore 
sediment, which can yield high contrast within the stratigraphic record depending on the 
depositional environment (Dominey-Howes et al., 2006; Sieh et al., 2015). Alongside 
sedimentary features, tsunami deposits can be shell-rich, contain marine macro- and 
microfauna, and chemical signatures that reflect the influx of marine and brackish water 
(i.e., elevated chlorine and calcium) into an otherwise terrestrially-dominated system 
(Chagué-Goff et al., 2012; Goff et al., 2012; Chagué-Goff et al., 2016). 
Storm deposits are often characterized by sediment fans that are not laterally 
extensive and have thin laminated beds with a sharp lower contact, (Goff et al., 2004; 
Switzer and Jones, 2008; Pilarczyk et al., 2014). As a storm moves onshore, the storm 
surge causes coastal regions to flood as water is pushed ahead of the storm and gradually 
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drains as the storm passes.  The combined influence of the surge and storm waves results 
in the deposition of overwash sediments on land (Goff et al., 2004; Atwater et al., 2012; 
Hong et al., 2017). Increased mixing and poorly sorted sediment can be associated with 
tsunamigenic overwash deposition; however similar depositional characteristics are also 
associated with storms (e.g., Donnelly et al., 2001; Atwater et al., 2017). While storm and 
tsunami deposits can be similar, storm-related overwash is usually thinner, mostly made 
up of nearshore sediment, and non-erosive to onshore environments (e.g., Switzer and 
Jones, 2008). However, the storm surge signature is largely dependent on the sediment 
available for transport and the geomorphology of the coastline.   
The long-term preservation of overwash deposits is dependent on several factors 
including: (1) sufficient accommodation space (i.e., amount of space available for 
sediment accumulation); (2) energy of the environment (i.e., low-energy environments 
are less erosive and more conducive to preservation); and (3) mechanisms of post-
depositional change (e.g., wind erosion, bioturbation, chemical weathering) (Kelsey et 
al., 2015; Rubin et al., 2017). Some of the best environments for preserving long-term 
paleo-overwash records are salt marshes (e.g., Atwater and Moore, 1992; Donnelly et al., 
2004; Hayward et al., 2015; Ishimura and Miyauchi, 2015), coastal lakes (e.g., Bondevik 
et al., 1997; Liu and Fearn, 2000; Baranes et al., 2016; Bregy et al., 2017; Kempf et al., 
2017), mangroves (e.g., Gelfenbaum et al., 2007; Wang and Horwitz, 2007; Rhodes et al., 
2011; Pilarczyk et al., 2016), and lagoons (e.g., Minoura and Nakaya, 1991; Switzer and 
Jones, 2008; Klostermann et al., 2014).  
The coastlines of the Arabian Sea are at risk from both storms and tsunamis, yet 
little is known about the long-term patterns of either form of coastal inundation (Jordan, 
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2008; Fritz et al., 2010; Hoffmann et al., 2015). For this research, a lagoon environment 
was selected on the eastern coast of Oman (Sur Lagoon) on the easternmost tip of the 
Arabian Peninsula facing the Makran Subduction Zone (MSZ; Figure 1) to study 
paleotsunami and paleostorm deposits due to the increased preservation potential within 
the system as well as previous studies conducted within the lagoon (e.g., Donato et al., 
2008; 2009). By employing a multi-proxy approach (grain size analysis, foraminiferal 
analysis, and geochemical analysis) a millennial-scale history of overwash deposits has 
been reconstructed and can be used to inform coastal communities of risk from MSZ 
earthquakes and subsequent tsunamis as well as cyclonic activity affecting the region. 
The overall aim of this research was to establish a long-term record of overwash 
deposits that will inform hazard assessments for the region. The research focus of this 
study is to determine if a multi-proxy analysis of overwash sediments from Sur Lagoon, 
Oman will allow for the construction of such a long-term record of extreme inundation 
events in this region. The hypotheses for this research are: 
1. Coarser grain size and stratigraphy are indicative of extreme marine 
inundation events in Sur Lagoon, Oman.  
2. Marine inundation events in Sur Lagoon, Oman contain higher concentrations 
of marine foraminiferal taxa and higher concentration of altered foraminiferal 
taphonomy.  
3. Radiocarbon dating determines the periodicity of extreme inundation events 
into the stratigraphy of Sur Lagoon, Oman.  
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4. Geochemical alongside stratigraphy can differentiate between input sources 
(i.e., terrestrial or marine) in Sur Lagoon, Oman.  
Figure 1. Map of Makran Subduction Zone. 
Location map of Sur, the study site relative to the Arabian Sea and Makran Subduction Zone. 
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Makran Subduction Zone – a history of earthquakes and tsunamis 
The regional scope of this study is the Arabian Sea—or the northern Indian 
Ocean—which is surrounded by Yemen, Oman, the United Arab Emirates (U.A.E.), Iran, 
Pakistan, and India (Figure 1). The Sultanate of Oman is located on the northeastern tip 
of the Arabian Peninsula and is approximately 150 km from the Makran Subduction Zone 
(MSZ) (Dominey-Howes et al., 2006; Hoffmann et al., 2013). The MSZ forms the central 
section of the boundary between the Arabian and Eurasian plates and is one of the largest 
accretionary wedges of all convergent margins, resulting in the subduction zone being 
subdivided into two independently moving parts (Byrne et al., 1992). This is a critical 
aspect as it has been speculated that the MSZ may act similarly to the Japan Trench in 
that while generally segmented, a great earthquake (i.e., >Mw 8.0) could result in a full 
trench rupture (Simons et al., 2011; Hoffmann et al., 2013) causing a great earthquake 
and subsequent large tsunami. Understanding how segmentation persists during the 
largest earthquakes along the MSZ is critically important to accurately estimating the 
potential magnitude of future earthquakes and tsunamis in this region (Heidarzadeh et al., 
2008; Hoffmann et al., 2013; Penney et al., 2017).  
Unlike the Cascadia or Japan Subduction zones, the MSZ is globally one of the 
most under-documented subduction zones (Byrne et al., 1992; Heidarzadeh et al., 2008). 
Only fragmentary information is known about the earthquake and tsunami history of this 
plate boundary (i.e., the timing, magnitude, and rupture areas of past and future events) 
(Byrne et al., 1992; Hoffmann et al., 2013). The documentation of recent events such as 
the 1945 tsunami, often found in oral and written accounts, is important to interpreting 
older events within the geologic record. In addition to the limited historical information, 
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much of the information that is known is from population centers in India and Pakistan 
rather than the Arabian Peninsula. The oldest record of a Makran Subduction Zone 
tsunami is from a historical account of the destruction of Alexander the Great’s 
Macedonian fleet in 326 BC (Quittmeyer and Jacob, 1979; Ambraseys and Melville, 
1982; Heidarzadeh et al., 2008). Very limited information is known about most of these 
events and no details on earthquake intensity, tsunami wave heights, fatalities, and even 
exact dates are not available for most documented events (Table 1; Heidarzadeh et al., 
2008). For example, in Table 1, the intensity of earthquakes recorded from the Makran 
Subduction Zone are measured in MM or Modified Mercalli scale with the earthquake 
recorded on 18 February 1483 CE being the most intense (Heidarzadeh et al., 2008). This 
earthquake has been documented as having a 10 intensity out of a possible 12 rating and 
is described as causing structures to completely collapse (Wood and Neumann, 1931). At 
present, approximately 115 million people live near the Arabian Sea coastline, yet no 
tsunami hazard map exists, further highlighting the vulnerability of this region to both 
subduction zone earthquakes and their associated tsunamis (Hamza and Munawa, 2009). 
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Table 1 Table of historical and instrumentally recorded great earthquakes (Mw 6.5) 
generated from the Makran Subduction Zone. 
Number Date  Latitude (N) Longitude (E) Ms  Mw Intensity 
(MM) 
1 326 B.C. 24.00 67.30   Strong tsunami 
was produced 
2 May 1008 25.00 (27.7)* 60.00 (52.3)*   8-9 
3 18 February 1483 24.90 57.90   10 
4 May 1668 25.00 68.00   8-9 
5 1765 25.40 65.80   8-9 
6 19 April 1851 25.10 62.30   8-9 
7 7 July 1927 27.00 62.00 6.1   
8 3 September 1929 26.40 62.30 6.5   
9 13 June 1934 27.43 62.59 7.0   
10 27 November 1945 24.50 63.00 8.3 8.1  
11 5 August 1947 25.10 63.40 7.6   
12 7 November 1969 27.90 60.10 6.5   
13 18 April 1983 27.79 62.05  7  
Table adapted from Heidarzadeh et al. (2008). (*) Indicates differing location reported by Ambraseys and Melville (1982). Ms 
indicates surface was magnitude, Mw indicates moment magnitude, and MM indicates Modified Mercalli. 
1945 Makran Trench tsunami 
Due to their proximity to the MSZ, coastlines surrounding the Arabian Sea face 
an increased threat of earthquakes and tsunami hazards. The most recent earthquake 
historically recorded from the MSZ occurred on 28 November 1945. The epicenter of the 
earthquake was approximately 24N, 64.5E (~300 km west of Karachi, Pakistan) and 
had a magnitude of Mw 8.1 (Byrne et al., 1992; Dominey-Howes et al., 2006; Hoffmann 
et al., 2013). The tsunami had recorded wave heights of up to 13 m and reportedly killed 
over 4000 people (Byrne et al., 1992; Pararas-Carayannis, 2006).  
From previous studies (e.g., Donato et al., 2008, 2009; Lézine et al., 2010; 
Pilarczyk et al., 2011, 2012b), it has been inferred that a concentrated shell layer found 
intercalated within lagoon mud at Sur Lagoon was deposited by the 1945 Makran Trench 
tsunami, providing a modern analogue for study. This shell layer largely consists of 
articulated offshore bivalve species combined with minor amounts of subtidal mollusks 
and has a thickness ranging from 5 to 25 cm laterally throughout the lagoon (Donato et 
 10 
al., 2009; Figure 3). The lateral extent of the 1945 tsunami deposit throughout the lagoon 
has permitted extensive study of this event (i.e., Donato et al., 2008; Pilarczyk and 
Reinhardt, 2012b; Hoffmann et al., 2013). Mollusk taphonomy (Donato et al., 2009), 
grain size (Donato et al., 2009; Pilarczyk et al., 2011), and foraminifera (Pilarczyk et al., 
2011; Pilarczyk and Reinhardt, 2012b) have previously been used to characterize this 
modern analogue so comparisons with older events could be made. The careful 
characterization of paleotsunamis at this location will provide insight into patterns of 
recurrence (i.e., roughly eight extreme marine inundation events in the last 3100 years) 
therefore resulting in better assessments of earthquake and tsunami hazards for all MSZ 
bordering countries (Figure 1; Hallegatte et al., 2013; Hoffmann et al., 2013).  
Arabian Sea Cyclones – a short history 
Cyclone activity rarely affects the Northern Arabian Peninsula as these systems 
generally track toward India; however, within the last decade two large events made 
landfall in the region of Sur Lagoon (Knapp et al., 2009; Hoffmann et al., 2015). Cyclone 
Gonu in June 2007 (Category 5) and Cyclone Phet in June 2010 (Category 3) represent 
the most severe tropical cyclones to impact the Arabian Peninsula in recorded history 
(Fritz et al., 2010; Pilarczyk et al., 2011). Both cyclones caused marine flooding in Sur 
Lagoon, but neither deposited any overwash sediment even considering the near direct 
strikes on Sur, Oman from both storm tracks (Figure 1, Pilarczyk et al., 2012b). The lack 
of deposition could be a result of the orientation of the storm surge relative to the 
coastline, the shallow continental shelf, or insufficient accommodation space within Sur 
Lagoon, however the exact reason is not yet known (Fritz et al., 2010). Instead, the 
cyclones caused surface damage to mangrove communities, the Wadi Shamah delta 
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(Figure 2), and infrastructure.  One of the more noticeable effects of the storm was the 
uprooted vegetation and number of trees and shrubs that leaned in the direction of water 
flow (Donato et al., 2009; Dube et al., 2009; Fritz et al., 2010). For example, Cyclone 
Gonu in 2007 had an estimated storm surge of 2.6 m above sea level within Sur Lagoon 
yet produced no sedimentation; in fact, regions of the lagoon lost sediment due to run-off 
associated with increased discharge from Wadi Shamah during the storm (Donato et al., 
2009; Dube et al., 2009; Fritz et al., 2010). 
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Figure 2. Map of Sur Lagoon. 
Map of Sur Lagoon, Oman including the locations of Cores 1 and 3 indicated by black dots. Environmental features such as mangrove 
communities and rocky headlands are also depicted (green and brown shades, respectively).  
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Figure 3. Stratigraphic evidence for tsunami overwash within Sur Lagoon. 
Photograph of 1945 Makran Trench tsunami overwash deposit within Sur Lagoon, Oman. Notice the strong red-orange coloring and 
high concentration of bivalve shells present within the overwash deposit.  
  
 14 
Site Description 
Sur Lagoon is a small (~12 km2) semi-enclosed, tidally-dominated (mean tidal 
range of ~1.2 m) lagoon basin located ~100 km to the south of the capital, Muscat, on the 
eastern coast of Oman and is approximately 150 km from the Makran Subduction Zone 
(e.g., Donato et al., 2008; Pilarczyk and Reinhardt, 2012b) (Figures 1 and 2). The lagoon 
is characterized by a large ephemeral river (or “wadi”) called Wadi Shamah (Figure 2) 
and fringing mangrove communities along the southern and western shorelines. Due to 
the localized terrestrial input of sediment, the surface of Sur Lagoon consists of a fine 
mud that is light to medium grey in color (Donato et al., 2009; Lézine et al., 2010; 
Pilarczyk and Reinhardt, 2012b). The lagoon communicates with the Gulf of Oman (and 
Arabian Sea) via a narrow (115 m wide) entrance channel, however most of the lagoon 
remains subaerially exposed at low tide with the exception of the main entrance channel 
in the central section of the lagoon due to the lagoon’s microtidal nature (Figure 2; 
Pilarczyk et al., 2011). The lagoon at Sur is an ideal location to have a well-preserved 
paleo-overwash deposit because: (1) it is a coastal depression with accommodation space 
for overwash sediments to accumulate and (2) it is a low-energy system resulting from 
limited communication between the lagoon and the Gulf of Oman (Donato et al., 2008; 
Hoffmann et al., 2013). 
Long-term records of overwash deposits have been found in coastal regions in 
Japan (i.e., Minoura and Nakaya, 1991, Minoura et al., 2000; Norio et al., 2011; Fujii et 
al., 2011; Sawai et al., 2012, 2016), Chile (i.e., Cisternas et al., 2005; Dura et al., 2015; 
Garrett et al., 2015; Kempf et al., 2015, 2017), and Sumatra (i.e., Jankaew et al., 2008; 
Monecke et al., 2008; Rubin et al., 2017). However, the lagoons and estuarine systems 
 15 
found along the arid central Omani coastline (i.e., Sur Lagoon) show promise in 
archiving paleotsunami and paleostorm deposits (e.g., Donato et al., 2008). However, arid 
environments are not normally considered for paleo-overwash studies due to concerns 
with low preservation potential resulting from erosional processes and lack of contrasting 
environments between onshore and offshore sediments (e.g., Dominey-Howes et al., 
2006; Switzer and Jones, 2008; Spiske et al., 2013).  
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CHAPTER II – METHODS 
In Sur Lagoon, anomalous coarse sand layers serve as evidence of marine 
inundation and were distinct in both color and grain size compared to surrounding silty-
clay sediments. For this research, stratigraphy, grain size, foraminifera (taxonomy and 
taphonomy), and elemental analysis (X-ray fluorescence), were used to identify and infer 
the origin of a series of overwash deposits in Sur Lagoon, Oman as well as generate a 
chronology. Unlike studies conducted in temperate and tropical environments (e.g., 
Atwater and Moore, 1992; Cisternas et al., 2005; Kortekaas and Dawson, 2007; Kosciuch 
et al., 2017), Sur Lagoon is not a protected nearshore marsh or pond with two distinct 
ecologies (i.e., marine vs. terrestrial). This means that a multi-proxy approach is 
necessary to constrain sediment source. 
Core Collection and Stratigraphic Analysis 
The sediment cores were collected using a vibracore apparatus at two locations 
within Sur Lagoon (Figure 2) to investigate the lagoon stratigraphy near the mouth of 
Wadi Shamah (Core 3) and a section of the lagoon further away from the entrance 
channel (Core 1). Cores 1 and 3 were collected in 3-inch aluminum core barrels then 
transferred to plastic PVC pipes for transport and storage. The elevations of each core 
were collected using a Trimble R3 differential GPS unit (Donato et al., 2009; Pilarczyk 
and Reinhardt, 2012b).  Stratigraphic features for each unit were assessed, focusing on 
documenting contacts, lithologic changes, and various overwash indicators (e.g., rip-up 
clasts, transported pebbles and shells) (i.e., Donato et al., 2009; Fujino et al., 2009; Sieh 
et al., 2015). 
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Grain Size Analysis 
Grain size analysis is one of the most common proxies for identifying paleo-
overwash deposits within the geologic record (e.g., Donato et al., 2009; Switzer and Pile, 
2015). For this study, two sediment cores were collected for grain size analysis (Figure 
2). Both cores were subsampled into discrete 1 cm intervals for grain size analysis. Core 
1 was analyzed with a Beckman Coulter LS 230 laser diffraction particle size analyzer at 
McMaster University while Core 3 was analyzed using a Malvern Mastersizer 3000 laser 
particle size analyzer at the University of Southern Mississippi. Samples were combined 
with distilled water to uniformly suspend sediment prior to analysis by the Malvern. 
Particle sizes were converted to the Wentworth Phi Scale (Wentworth, 1922) and plotted 
as Particle Size Distributions (PSD) following the method described in Donato et al. 
(2008, 2009) plots using MATLAB (Appendix D). These raw data were then input into 
the GRADISTAT program (Blott and Pye, 2001) to determine conventional particle size 
statistics (e.g., mean, D10, D50, D90, mode, sorting, skewness, kurtosis, and percentage 
mud and sand) in phi units. Mean is the average particle size, mode is the dominant 
particle size, and sorting or standard deviation reflects the distribution of grain sizes 
compared to a normally distributed sample. Other common parameters such as D10, D50, 
and D90 represent the particle size of 10%, 50%, and 90% respectively, of the sample’s 
cumulative mass by volume. These “D” parameters are used to understand the skewness 
(symmetry of the grain size distribution curve) and kurtosis (steepness of the grain size 
distribution curve) (Blott and Pye, 2001; Pilarczyk and Reinhardt, 2012a). 
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Foraminiferal Analysis 
Foraminiferal analysis was conducted on Core 1 with specific intervals selected 
based on coarse grain size pulses indicated by the particle size distribution data. For each 
sampled interval (n = 64), 2.5 cm3 of bulk sediment was subsampled, washed, sieved 
using a 32 m mesh, and dried at 25C. Samples were randomly dry split to provide a 
specimen count of at least 300 individual foraminifera per sample (Patterson and 
Fishbein, 1989) and analyzed using a binocular dissecting Olympus microscope. After 
splitting, all foraminifera within a given fraction were counted to obtain the number of 
foraminifera within a known sample volume (total concentration).  
A total of 21 foraminiferal species were identified using the taxonomy of 
Hottinger et al. (1993) and Hayward et al. (2004) (Appendix C). In addition to taxonomy, 
all foraminifera were further characterized according to the taphonomic (or surface) 
condition of their tests. For this research four taphonomic categories were used: 
unaltered, corraded (a combination of abrasion and corrosion), and fragmented either 
with angular or rounded edges (Kosciuch et al., 2017; Figure A4). The surface condition 
of foraminifera reflects the transport conditions before deposition and can demonstrate 
different energy regimes such as deep wave scouring of offshore sediments (associated 
with rounded and angular fragmented specimens); while unaltered specimens indicate 
low-energy, protected conditions. In this way, taphonomy can help determine where 
overwash sediments were sourced from. These different taphonomic categories can be 
paired with other proxies to determine relative changes in the intensity of marine 
inundation. Relative abundances of taphonomic categories (i.e., unaltered, fragmented) 
have previously been used to document overwash deposits (e.g., Pilarczyk et al., 2014; 
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Sieh et al., 2015; Rubin et al., 2017; Tyuleneva et al., 2017). In this study, as in Kosciuch 
et al. (2017), foraminifera have been further categorized as having angular or rounded 
fragmented edges. This separation technique has been successfully applied to mollusk 
shells within overwash deposits as it identifies the organisms that were fragmented during 
transport (angular fragmentation) and those fractured and became rounded by intertidal 
processes (rounded fragmentation, i.e., desiccation, baffling) (Donato et al., 2008; 
Kosciuch et al., 2017). In addition to taxonomic and taphonomic analysis, size was also 
used to classify foraminifera with the two classifications being small (<250 m) and large 
(>250 m) (Hawkes et al., 2007; Pilarczyk et al., 2011). 
For each 1 cm interval sampled, the total concentration of foraminifera per 2.5 
cm3 of sediment, species richness, Shannon Index of diversity (H, Shannon, 1948; 
Appendix B), and relative abundance of each species (taxon) and taphonomic category 
was recorded (Figures A3 and A4). Species richness (R) is an ecological calculation 
representing the total number of species present within a sample while the Shannon Index 
of diversity (H) is a measure of the individuals per species relative to all others and how 
uniformly these individuals are distributed within the entire population (Shannon, 1948; 
Appendix B).  
Geochemical Analysis 
X-ray fluorescence spectrometry (XRF) was conducted on Cores 1 and 3 to 
identify marine and terrestrial signatures throughout both cores. The basic concept behind 
XRF analysis is that when a sample is subjected to an X-ray beam, electrons within the 
various orbitals surrounding the nucleus (i.e., Bohr model) release energy in the form of 
photons (e.g., Croudace et al., 2006). The cores were analyzed using an Itrax Core 
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Scanner from the School of Geography and Earth Sciences at McMaster University 
(Hamilton, Ontario). Elemental data for Core 1 was collected at a 1 mm interval 
resolution and 0.2 mm resolution for Core 3. The scanning resolutions differed between 
the cores due to the different grain size composition between the two cores. Core 3 
contained finer sediments and therefore needed to be processed at a higher resolution 
compared to the coarser sediments of Core 1. X-ray fluorescence analysis has been 
successfully used to characterize paleo-overwash deposits within sediment cores (e.g., 
Chagué-Goff et al., 2012; Chagué-Goff et al., 2016) as it can indicate marine inundation 
into a terrestrially-dominated environment. Specific elements can be used to determine 
the source of sediments (e.g., titanium (Ti) and barium (Ba) often indicate terrestrial 
lithological inputs while zirconium (Zr) and calcium (Ca) generally indicate biogenic 
inputs into the system; Minoura et al., 2000; Sakuna et al., 2012; Chagué-Goff et al., 
2016) and can be another helpful proxy in distinguishing paleo-overwash deposits within 
the geological record of Sur Lagoon, Oman. 
Chronology 
Establishing a detailed chronology of the stratigraphy in Sur Lagoon in the 
location of Core 1 has allowed for a geologic record of paleo-overwash events to be 
constructed from the Arabian Sea. To create a detailed chronology of stratigraphic units 
within Core 1, radiocarbon dating was carried out. A total of nine samples consisting of 
wood pieces and articulated mollusk shells were collected and analyzed for Core 1 (Table 
7) and Core 3 (Table 8). Four of these samples were submitted to the National Ocean 
Sciences Accelerator Mass Spectrometry (NOSAMS) while the other five were submitted 
to the Beta Analytic Radiocarbon Dating Laboratory in 2008. Radiocarbon dating of 
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marine carbonates is more difficult as marine organisms incorporate carbon from the 
ocean rather than directly with the atmosphere (Dutta, 2008; Törnqvist et al., 2015). This 
delay causes surface ocean waters and the carbon found in them to be older than 
terrestrial plant dates of the same age (Hughen et al., 2004; Dutta, 2008). Calibrations to 
convert measured conventional ages to calendar years for the mollusk shells was carried 
out using Marine13 calibration data from Reimer et al. (2013) and OxCal software v4.3.2 
calibration software from Ramsey (2009). For marine carbonates a mean local reservoir 
effect, R, of 190  25 years was assigned from Muscat, Oman (Southon et al., 2002). 
For the wood piece IntCal13 calibration from Reimer et al. (2013) and OxCal software 
v4.3.2 from Ramsey (2009) was used to convert laboratory results to calendar years. 
These nine radiocarbon dates are required in order to construct a detailed stratigraphic 
chronology of the geological record in Sur Lagoon.  
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CHAPTER III  – RESULTS 
Stratigraphy 
Core 1 
Within Core 1 (493 cm) there are 17 units, eight of which are distinct overwash 
layers and 9 of which are characterized by lagoon mud. Unit 1 at the base of the core is a 
dark brown-grey mud that extends from 481 to 493 cm below the surface. Unit 1 is 
characterized by an undefined lower contact due to retrieval error and contains shell 
fragments (15%) and articulated bivalves (<1%). Unit 2 (also referred to as overwash unit 
T1) is found from 469 to 481 cm and is characterized by a light grey sandy-mud, sharp 
lower contact, and shell fragments (15%). Unit 3 (451 to 469 cm) is a return to lagoonal 
mud and is composed of a dark brown-grey mud, gradational contact with some 
bioturbation, with low abundances of shell fragments (10%). Unit 4 extends from 429 to 
451 cm and consists of a light brown-grey sandy-mud, a sharp lower contact, and low 
abundances of shell fragments (10%). Unit 4 is also referred to as overwash unit T2. Unit 
5, extending from 191 to 429 cm below the surface, is the thickest unit within Core 1, 
consisting of a dark brown-grey mud, gradational contact, and low abundances of shell 
fragments (10-20%). Within Core 1, four articulated bivalves were found at 295 cm, 296 
cm, and two at 369 cm. Unit 6 extends from 174 to 191 cm and is made up of a medium 
grey sandy-mud, a sharp contact with Unit 5, and relatively low abundances of shell 
fragments (15%). 
Unit 6 is also referred to as overwash unit T3. Unit 7, extending from 171 to 174 
cm, consists of a dark brown-grey mud, gradational contact, and very low abundances of 
shell fragments (<10%). Unit 8 (164 to 171 cm) is characterized by a light brown-grey 
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muddy sand, sharp contact, low abundances of shell debris (15%), and is also referred to 
as overwash unit T4. Unit 9 (140 to 164 cm) marks a return to lagoonal mud and is 
characterized by a dark brown-grey mud, a gradational contact, and low abundances of 
shell fragments (15%). Unit 10, extending from 129 to 140 cm below the surface, is a 
light grey muddy sand with an erosive basal contact, and moderate abundances of shell 
fragments. (20%). Woody fibers were found at 139 cm. Unit 10 is also referred to as 
overwash unit T5. Unit 11 extends from 120 to 129 cm and consists of a dark brown-grey 
mud with a gradational contact and low abundances of shell fragments (10%). Unit 12, 
extending from 109 to 120 cm, is characterized by a medium grey muddy sand, sharp 
lower contact, low abundances of shell fragments (15%), and is also referred to as 
overwash unit T6.  
Unit 13 is a return to lagoonal mud and is characterized by a dark grey-brown 
mud from 101 to 109 cm with a gradational lower contact and very low abundances of 
shell fragments (<10%). Unit 14, extending from 69 to 101 cm, consists of a light grey-
tan muddy sand with a sharp lower contact, moderate abundances of shell fragments 
(20%), and an articulated bivalve at 94 cm. Unit 14 is also referred to as overwash unit 
T7. Unit 15, extending from 60 to 69 cm, is characterized by a dark brown-grey lagoonal 
mud, a gradational lower contact, and moderate abundances of shell fragments (20%). 
Unit 16 extends from 19 to 60 cm and consists of a light grey muddy sand with some 
orange coloring, a sharp lower contact, high abundances of angular shell fragments (40%) 
and articulated bivalves and is also referred to as overwash unit T8 (i.e. 1945 Makran 
Trench tsunami deposit). Unit 17 at the top of Core 1 extends from 0 to 19 cm and 
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consists of a dark brown-grey mud with a gradational lower contact, moderate 
abundances of shell fragments (20%), and an articulated bivalve shell at 6 cm.  
Core 3 
Core 3 contains a total of 6 stratigraphic units. From the bottom of the core to the 
top, Unit 1 extends from 275 to 300 cm below the surface and consists of medium grey 
fine silt, an undefined lower contact due to core retrieval error, and low abundances of 
shell fragments (15%). Unit 2 extending from 166 to 275 cm, is characterized by dark 
brown-grey muddy sand, a gradational lower contact, low abundances of shell fragments 
(10%), and an articulated bivalve was found at 201 cm.  
Unit 3, extending from 118 to 166 cm, consists of dark brown-grey clayey-mud, a 
gradational lower contact, and very low abundances of shell fragments (<10%). Unit 4, 
extending from 35 to 118 cm below the surface, is characterized by medium brown-grey 
muddy sand, a gradational lower contact, and low to moderate abundances of shell 
fragments (10-20%). Unit 5, extending from 11 to 35 cm, is characterized by medium 
grey fine silt, a gradational lower contact, and moderate abundances of shell fragments 
(20%). Unit 6, extending from 0 to 11 cm at the top of the core, is characterized by 
medium brown muddy sand, a gradational lower contact, and low abundances of shell 
fragments (10%). Core 3 in general showed signs of bioturbation throughout all 6 
stratigraphic units. 
Grain Size Analysis 
Core 1 
Eight distinct overwash layers are found within Core 1 (Tables 2 and 3; Figure 4) 
with the shallowest layer belonging to the 1945 tsunami as described by Donato et al. 
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(2008), Donato et al. (2009) and Pilarczyk and Reinhardt (2012b). While stratigraphic 
changes (e.g., color variations, contacts) between overwash and lagoonal sediments were 
not always obvious, grain size results were useful in distinguishing overwash layers from 
lagoon sediments (Tables 2 and 3; Figure 4) because they were generally coarser and 
were capped by mud.  
Unit 1 is characterized by a mean of 5.94  2.24 (ranging from 9.05 to 4.21), 
D10 of 4.39  2.37, D50 or median of 5.65  2.30, D90 of 8.34  1.73, mode of 5.12 
 1.82, sorting value of 1.53  0.25, skewness of 0.34  0.09, and kurtosis of 1.36  0.53. 
Unit 1 consisted of 67.88% mud and 32.11% sand. Unit 2 (T1) is described by a mean of 
4.19  0.07 (ranging from 4.29 to 4.07), D10, D50, and D90 values of 2.50  0.11, 
3.90   0.04 and 6.68   0.10 respectively, a mode of 3.79  0.04, sorting value of 
1.69  0.05, skewness of 0.34  0.04, kurtosis of 1.78  0.10 and consisted of 45.68% 
mud and 54.31% sand. Unit 3 is characterized by a mean of 5.47  1.96 (ranging from 
8.93 to 3.98), D10 of 3.79  2.15, D50 or median of 5.09  2.02, D90 of 8.09  
1.47, mode of 4.67  1.62, sorting value of 1.67  0.27, skewness of 0.38  0.07, 
kurtosis of 1.27  0.38 and consisted of 60.93% mud and 39.31% sand. 
Unit 4 (T2) is described by a mean of 3.73  0.32 (ranging from 4.45 to 3.26), 
D10, D50, and D90 values of 1.84  0.39, 3.46  0.19, and 6.62  0.55 respectively, 
mode of 3.28  0.14, sorting value of 1.82  0.17, skewness of 0.31  0.08, kurtosis of 
1.76  0.29 and consisted of 32.52% mud and 67.47% sand.  
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Table 2 Grain size statistics (averages with standard deviation) for lagoon and eight 
inferred overwash sections within Core 1. 
Parameter Lagoon Sediment Descriptive Classification Overwash Sediment Descriptive Classification 
Mean () 4.44  1.66 Very coarse silt 3.73  1.66 Very fine sand 
D10 () 2.88  1.49 Fine sand 1.49  2.03 Medium sand 
D50 () 4.13  1.68 Very coarse silt 3.38  1.76 Very fine sand 
D90 () 6.99  1.47 Fine silt 7.06  1.13 Medium silt 
Mode () 3.74  1.40 Very fine sand 2.48  2.24 Fine sand 
Sorting () 1.61  0.29 Poorly sorted 2.15  0.48 Very poorly sorted 
Skewness () 0.38  0.13 Very finely skewed 0.31  0.14 Very finely skewed 
Kurtosis () 1.47  0.36 Leptokurtic 1.27  0.39 Leptokurtic 
Mud (%) 58.51  0.27 -- 47.87  0.19 -- 
Sand (%) 41.49  0.27 -- 52.12  0.19 -- 
GRADISTAT statistical parameters for Core1 including mean, D10, D50, D90, mode, sorting, skewness, kurtosis, and percentages of 
mud and sand for inferred overwash layers and lagoon layers. Descriptive classifications from Wentworth (1922), Folk and Ward 
(1957), and Blott and Pye (2001). 
Unit 5 is characterized by mean of 3.84  0.47 (ranging from 8.13 to 2.86), 
D10 of 2.36  0.52, D50 or median of 3.51  0.42, D90 of 6.41  0.71, mode of 3.23 
 0.34, sorting value of 1.59  0.24, skewness of 0.42  0.11, kurtosis of 1.60  0.24 and 
consisted of 33.37% mud and 66.63% sand. Unit 6 (T3) is described by a mean of 4.27 
 1.73 (ranging from 8.96 to 3.44), D10, D50, and D90 values of 2.03  2.03, 4.18  
1.70, and 6.86  1.41 respectively, mode of 4.05  1.29, sorting value of 1.86  0.25, 
skewness of 0.14  0.05, kurtosis of 1.46  0.31 and consisted of 44.57% mud and 
55.42% sand. Unit 7 is characterized by a mean of 6.94  2.72 (ranging from 9.14 to 
3.89), D10 of 5.33  3.09, D50 or median of 6.80  2.72, D90 of 8.96  2.19, mode 
of 5.98  2.04, sorting value of 1.42  0.37, skewness of 0.20  0.07, kurtosis of 1.02  
0.46 and consisted of 80.76% mud and 19.24% sand.  
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Table 3 Grain size statistics for all 17 units within Core 1. 
Unit No. Mean () D10 () D50 () D90 () Mode () Sorting () Skewness () Kurtosis () Mud (%) Sand (%) 
17 4.10  1.11 1.85  1.32 3.83  1.12 7.14  0.86 3.52  0.86 2.04  0.20 0.27  0.10 1.41  0.20 41.92 58.08 
16 (T8) 2.92  0.50 0.15  0.57 2.67  0.66 6.78  0.34 1.17  1.78 2.57  0.19 0.24  0.12 1.06  0.19 31.58 68.41 
15 2.94  0.79 0.53  1.02 2.83  0.82 6.03  1.03 2.45  1.65 2.13  0.38 0.16  0.23 1.24  0.35 27.34 72.66 
14 (T7) 2.33  0.52 -0.15  0.77 1.62  0.62 6.59  0.35 0.06  0.97 2.61  0.29 0.48  0.06 1.02  0.20 25.51 74.49 
13 3.73  0.21 2.22  0.10 3.25  0.13 6.76  0.44 2.95  0.09 1.76  0.11 0.52  0.03 1.64  0.17 30.01 69.99 
12 (T6) 6.37  2.04 4.68  2.12 5.99  2.18 9.01  1.46 5.04  1.74 1.67  0.28 0.37  0.13 1.01  0.32 74.16 25.84 
11 7.02  1.95 5.43  2.09 6.69  1.96 9.33  1.55 5.83  1.55 1.51  0.22 0.34  0.05 0.96  0.37 84.36 15.64 
10 (T5) 6.23  2.02 4.53  2.24 5.89  2.04 8.71  1.58 5.23  1.60 1.62  0.28 0.35  0.08 1.09  0.36 75.09 24.91 
9 8.78  0.19 7.34  0.23 8.60  0.22 10.54  0.08 7.37  0.23 1.24  0.23 0.21  0.04 0.69  0.01 100.00 0.00 
8 (T4) 4.76  1.78 2.83  2.05 4.55  1.78 7.36  1.43 4.30  1.37 1.77  0.26 0.26  0.10 1.39  0.32 53.86 46.15 
7 6.94  2.72 5.33  3.09 6.80  2.72 8.96  2.19 5.98  2.04 1.42  0.37 0.20  0.07 1.02  0.46 80.76 19.24 
6 (T3) 4.27  1.73 2.07  2.03 4.18  1.70 6.86  1.41 4.05  1.29 1.86  0.25 0.14  0.05 1.46  0.31 44.57 55.42 
5 3.84  0.47 2.36  0.52 3.51  0.42 6.41  0.71 3.23  0.34 1.59  0.24 0.42  0.11 1.60  0.24 33.37 66.63 
4 (T2) 3.73  0.32 1.84  0.39 3.46  0.19 6.62  0.55 3.28  0.14 1.82  0.17 0.31  0.08 1.76  0.29 32.52 67.47 
3 5.47  1.96 3.79  2.15 5.09  2.02 8.09  1.47 4.67  1.62 1.67  0.27 0.38  0.07 1.27  0.38 60.93 39.31 
2 (T1) 4.19  0.07 2.50  0.11 3.90  0.04 6.86  0.10 3.79  0.04 1.69  0.05 0.34  0.04 1.78  0.10 45.68 54.31 
1 5.94  2.24 4.39  2.37 5.65  2.30 8.34  1.73 5.12  1.82 1.53  0.25 0.34  0.09 1.36  0.53 67.88 32.11 
Average grain size statistical parameters (mean, D10, D50, D90, mode, sorting, skewness, and kurtosis) with standard deviation and percent mud and sand components for all 17 stratigraphic 
units of Core 1. Values generated using GRADISTAT and classifications from Wentworth (1922), Folk and Ward (1957), and Blott and Pye (2001).  
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Figure 4. Grain size distribution and statistics for Core 1. 
Radiocarbon dates from Table 7 reported along the left side, particle size distribution plot (PSD; first column), selected statistical parameters (mean, mode, sorting, skewness, kurtosis, D10, 
D50, D90) for Core 1. Classifications from Blott and Pye (2001) and Folk and Ward (1957). Inferred overwash layers (T1-T8) highlighted in blue rectangles and stratigraphic units labelled 
along the right side. 
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Unit 8 (T4) is characterized by a mean of 4.76  1.78 (ranging from 8.78 to 
3.83), D10, D50, and D90 values of 2.83  2.05, 4.55  1.78, and 7.36  1.43 
respectively, a mode of 4.30  1.37, sorting value of 1.77  0.26, skewness of 0.26  
0.10, kurtosis of 1.39  0.32 and consisted of 53.86% mud and 46.15% sand. Unit 9 
described by a mean of 8.78  0.19 (ranging from 9.16 to 8.37), D10 of 7.34  0.23, 
D50 or median of 8.60  0.22, D90 of 10.54  0.08, mode of 7.37  0.23, sorting 
value of 1.24  0.06, skewness of 0.21  0.04, kurtosis of 0.69  0.01 and consisted of 
100.00% mud and 0.00% sand. Unit 10 (T5) is characterized by a mean of 6.23  2.02 
(ranging from 9.03 to 4.23), D10, D50, and D90 values of 4.53  2.24, 5.89  2.04, 
and 8.71  1.58 respectively, a mode of 5.23  1.60, sorting value of 1.62  0.28, 
skewness of 0.35  0.08, kurtosis of 1.09  036 and consisted of 75.09% mud and 
24.91% sand. Unit 11 is described by a mean of 7.02  1.95 (ranging from 8.59 to 
4.33), D10 of 5.43  2.09, D50 or median of 6.69  1.96, D90 of 9.33  1.55, mode 
of 5.83  1.55, sorting value of 1.51  0.22, skewness of 0.34  0.05, kurtosis of 0.96  
0.37 and consisted of 84.36% mud and 15.64% sand. Unit 12 (T6) characterized by a 
mean of 6.37  2.04 (ranging from 8.61 to 3.89), D10, D50, and D90 values of 4.68 
 2.12, 5.99  2.18, and 9.01  1.46 respectively, mode of 5.04  1.74, sorting value 
of 1.67  0.28, skewness of 0.37  0.13, kurtosis of 1.01  0.32 and consisted of 74.16% 
mud and 25.84% sand.  
Unit 13 is described by a mean of 3.73  0.21 (ranging from 4.21 to 3.54), 
D10 of 2.22  0.10, D50 or median of 3.25  0.13, D90 of 6.76  0.44, mode of 2.95 
 0.09, sorting value of 1.76  0.11, skewness of 0.52  0.03, kurtosis of 1.64  0.17 and 
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consisted of 30.01% mud and 69.99% sand. Unit 14 (T7) characterized by a mean of 
2.33  0.52 (ranging from 3.80 to 1.65), D10, D50, and D90 values of -0.15  0.77, 
1.62  0.62, and 6.59  0.35 respectively, mode of 0.06  0.97, sorting value of 2.61 
 0.29, skewness of 0.48  0.06, kurtosis of 1.02  0.20 and consisted of 25.51% mud 
and 74.49% sand. Unit 15 is described by a mean of 2.94  0.79 (ranging from 4.23 to 
1.77), D10 of 0.53  1.02, D50 or median of 2.83  0.82, D90 of 6.03  1.03, mode 
of 2.45  1.65, sorting value of 2.13  0.38, skewness of 0.16  0.23, kurtosis of 1.24  
0.35 and consisted of 27.34% mud and 72.66% sand. Unit 16 (T8) is characterized by a 
mean of 2.92  0.50 (ranging from 4.06 to 1.77), D10, D50, and D90 values of 0.15 
 0.57, 2.67  0.66, and 6.78  0.34 respectively, mode of 1.17  1.78, sorting value 
of 2.57  0.19, skewness of 0.24  0.12, kurtosis of 1.06  0.19 and consisted of 31.58% 
mud and 68.41% sand. Unit 17 is described by a mean of 4.10  1.11 (ranging from 
8.72 to 3.64), D10 of 1.85  1.32, D50 or median of 3.83  1.12, D90 of 7.14  
0.86, mode of 3.52  0.86, sorting value of 2.04  0.20, skewness of 0.27  0.10, 
kurtosis of 1.41  0.20 and consisted of 41.92% mud and 58.08% sand. 
In general, lagoon sediment consisted of very coarse silt (4.44  1.66) but ranged 
from clay (9.15 ) to medium sand (1.77) (Table 2). The eight inferred overwash units 
have an average grain size equal to very fine sand (3.73   1.66) and a range of clay 
(9.03) to medium sand (1.65) (Figure 4). The PSD plot shows the fining upward trends 
within the eight tsunami overwash deposits (i.e., Unit 16 (T8) has an average mean value 
of 4.06 (very coarse silt) at 20 cm and 2.52 (fine sand) at 60 cm) as well as the general 
trend toward coarser sediment (i.e., an average mean grain size of 3.73  1.66 compared 
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to 4.44  1.66 within lagoonal deposits) (Table 2; Figure 4,). In general, the inferred 
tsunami overwash layers are characterized by smaller modes (2.48  2.24; fine sand), 
very poor sorting (2.15  0.48) and larger sand to mud ratios (Table 3; Figure A1).   
Core 3 
Grain size analysis was also conducted on Core 3 at 1 cm resolution (Tables 4 and 
5; Figures 5 and A2). Unit 1 is characterized by a mean of 4.61  0.23 (ranged from 
5.14 to 4.26), D10 of 3.02  0.17, D50 or median of 4.39  0.22, D90 of 6.86  
0.38, mode of 3.96  0.19, sorting value of 1.50  0.31, skewness of 0.29  0.03, 
kurtosis of 1.15  0.07 and contained 62.20% mud and 37.78% sand. Unit 2 is 
characterized by a mean of 4.37  0.29 (ranged from 5.42 to 3.72), D10, D50, and 
D90 values of 2.86  0.26, 4.18  0.28, and 6.50  0.41 respectively, mode of 3.78  
0.27, sorting value of 1.43  0.10, skewness of 0.28  0.04, kurtosis of 1.15  0.05 and 
contained 55.61% mud and 44.39% sand.  
Unit 3 is characterized by a mean of 4.75  0.36 (ranged from 5.92 to 4.10), 
D10 of 3.21  0.26, D50 or median of 4.55  0.35, D90 of 6.93  0.51, mode of 4.16 
 0.37, sorting value of 1.45  0.14, skewness of 0.28  0.04, kurtosis of 1.16  0.07 and 
contained 67.16% mud and 32.84% sand.  
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Table 4 Grain size statistics (averages with standard deviation) for Core 3. 
Parameter Average Value Descriptive Classification 
Mean () 4.58  0.37 Very coarse silt 
D10 () 3.02  0.30 Fine sand 
D50 () 4.37  0.36 Very coarse silt 
D90 () 6.77  0.54 Medium silt 
Mode () 3.96  0.36 Very fine sand 
Sorting () 1.46  0.15 Poorly sorted 
Skewness () 0.28  0.05 Fine skewed 
Kurtosis () 1.16  0.09 Very leptokurtic 
Mud (%) 61.24  0.10 -- 
Sand (%) 38.75  0.10 -- 
GRADISTAT statistical parameters for Core 3 including mean, D10, D50, D90, mode, sorting, skewness, kurtosis, and percentages of 
mud and sand. Descriptive classifications from Wentworth (1922), Folk and Ward (1957), and Blott and Pye (2001).  
Unit 4 is described by a mean of 4.55  0.28 (ranged from 5.21 to 4.00), D10, 
D50, and D90 values of 3.02  0.20, 4.31  0.25, and 6.78  0.52 respectively, mode 
of 3.87  0.25, sorting value of 1.46  0.20, skewness of 0.31  0.04, kurtosis of 1.18  
0.12 and contained 59.99% mud and 39.99% sand. Unit 5 is characterized by a mean of 
4.95  0.42 (ranged from 5.64 to 4.26), D10 of 3.19  0.41, D50 or median of 4.76 
 0.39, D90 of 7.24  0.56, mode of 4.39  0.33, sorting value of 1.59  0.18, 
skewness of 0.22  0.06, kurtosis of 1.16  0.10 and contained 71.55% mud and 28.45% 
sand. Unit 6 is described by a mean of 5.12  0.37 (ranged from 6.12 to 4.86), D10, 
D50, and D90 values of 3.38  0.24, 4.91  0.39, and 7.46  0.46 respectively, mode 
of 4.41  0.44, sorting value of 1.58  0.11, skewness of 0.25  0.05, kurtosis of 1.06  
0.08 and contained 74.81% mud and 25.18% sand. 
Within Core 3, only eight intervals had a mean grain size classified as sand (4; 
107 cm, 204 cm, 227 cm, 230 cm, 235 cm, 236 cm, 261 cm, and 262 cm; Figure A2). 
Apart from those eight sample intervals Core 3 consisted of sandy mud (50 to 90% of 
sample classified as mud; Folk and Ward, 1957). While the statistical parameters of  
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Figure 5. Grain size distribution and statistics for Core 3. 
Radiocarbon dates from Table 8 reported along the left side, particle size distribution plot (PSD; first column), selected statistical parameters (mean, mode, sorting, skewness, kurtosis, D10, 
D50, D90) for Core 3. Classifications from Blott and Pye (2001) and Folk and Ward (1957). Stratigraphic units are labelled along the right side.  
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Table 5 Grain size statistics for all 6 units within Core 3. 
Units Mean 
() 
D10 () D50 () D90 () Mode 
() 
Sorting 
() 
Skewness 
() 
Kurtosis 
() 
Mud 
(%) 
Sand 
(%) 
6 5.12  
0.37 
3.38  
0.24 
4.91  
0.39 
7.46  
0.46 
4.41  
0.44 
1.58  
0.11 
0.25  0.05 1.06  
0.08 
74.81% 25.18% 
5 4.95  
0.42 
3.19  
0.41 
4.76  
0.39 
7.24  
0.56 
4.39  
0.33 
1.59  
0.18 
0.22  0.06 1.16  
0.10 
71.55% 28.45% 
4 4.55  
0.28 
3.02  
0.20 
4.31  
0.25 
6.78  
0.52 
3.87  
0.25 
1.46  
0.20 
0.31  0.04 1.18  
0.12 
59.99% 39.99% 
3 4.75  
0.36 
3.21  
0.26 
4.55  
0.35 
6.93  
0.51 
4.16  
0.37 
1.45  
0.14 
0.28  0.04 1.16  
0.07 
67.16% 32.84% 
2 4.37  
0.29 
2.86  
0.26 
4.18  
0.28 
6.50  
0.41 
3.78  
0.27 
1.43  
0.10 
0.28  0.04 1.15  
0.05 
55.61% 44.39% 
1 4.61  
0.23 
3.02  
0.17 
4.39  
0.22 
6.86  
0.38 
3.96  
0.19 
1.50  
0.13 
0.29  0.03 1.15  
0.07 
62.20% 37.78% 
Average grain size statistical parameters (mean, D10, D50, D90, mode, sorting, skewness, and kurtosis) with standard deviation and 
percent mud and sand components for all 6 stratigraphic units of Core 3. Values generated using GRADISTAT and classifications 
from Wentworth (1922), Folk and Ward (1957), and Blott and Pye (2001).  
average mean, D10, D50, D90, mode, sorting, skewness, kurtosis, and percentage mud 
and sand were calculated for Core 3, no distinct trends were determined (i.e., no fining 
upward sequences within stratigraphic units that were seen in Core 1) (Table 4; Figure 5).  
Foraminiferal Analysis 
Foraminiferal analysis was carried out on 64 intervals subsampled from Core 1 
(Table 6). Of these 64 samples 41 have been classified as lagoonal samples and the 
remaining 23 samples classified as overwash deposits based on stratigraphic, grain size, 
and foraminiferal data (Figure 6). These overwash deposits are characterized by higher 
concentrations of foraminifera (8243 to 34099 individuals per 2.5 cm3), higher species 
richness (R; 17 to 21 out of the 21 species used in this study), and a higher Shannon 
Index (H; 1.9 to 2.4) compared to lagoonal layers (Table 6). Miliolid species were 
uniformly abundant throughout the core and were therefore not useful in distinguishing 
overwash layers (24 to 32% relative abundance in overwash layers compared to lagoonal 
abundances of 27 to 74%) (Tables 6 and A5).  
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Table 6 Foraminifera abundance data for 17 stratigraphic units within Core 1. 
 Overwash Layers Lagoon Layers 
 Unit 2 
(T1) 
Unit 4 
(T2) 
Unit 6 
(T3) 
Unit 8 
(T4) 
Unit 
10 
(T5) 
Unit 
12 
(T6) 
Unit 
14 
(T7) 
Unit 
16 
(T8) 
Unit 1 Unit 3 Unit 5 Unit 7 Unit 9 Unit 
11 
Unit 
13 
Unit 
15 
Unit 
17 
Foraminifera Taxonomy: 
Ammonia 
inflata 
8.77 – 
8.77% 
8.65 – 
16.93% 
7.74 – 
14.11
% 
7.45 – 
8.08% 
11.71 
– 
14.94
% 
10.71 
– 
12.42
% 
2.13 – 
14.92
% 
9.09 – 
22.48
% 
2.59 – 
3.47% 
1.59 – 
4.75% 
0.28 – 
6.01% 
3.66 – 
5.87% 
0.56 – 
1.44% 
5.10 – 
7.74% 
3.31 – 
5.21% 
2.80 – 
10.32
% 
2.89 – 
3.48% 
Ammonia 
parkinsoniana 
10.71 
– 
11.69
% 
13.31 – 
13.78% 
8.05 – 
11.11
% 
13.17 
– 
14.91
% 
11.41 
– 
14.61
% 
11.36 
– 
11.80
% 
9.00 – 
11.28
% 
4.62 – 
8.79% 
5.33 – 
14.24
% 
7.20 – 
11.46
% 
9.68 – 
15.34% 
8.53 – 
9.14% 
13.26 
– 
13.97
% 
4.14 – 
5.16% 
7.12 – 
8.56% 
5.81 – 
8.17% 
7.91 – 
8.36% 
Ammonia 
tepida 
11.69 
– 
13.31
% 
7.99 – 
17.63% 
18.81 
– 
25.70
% 
19.16 
– 
20.19
% 
9.42 – 
9.61% 
10.56 
– 
15.58
% 
6.11 – 
33.84
% 
4.13 – 
20.26
% 
18.13 
– 
25.24
% 
21.23 
– 
28.66
% 
21.52 – 
34.57% 
10.70 
– 
20.53
% 
29.97 
– 
33.24
% 
9.24 – 
12.26
% 
18.36 
– 
18.78
% 
14.19 
– 
17.85
% 
18.35 
– 
22.83
% 
Amphistegina 
spp. 
0.32 – 
0.65% 
0.64 – 
1.30% 
0.32 – 
0.94% 
0.60 – 
0.62% 
0.32 
1.20% 
0.32 – 
0.93% 
0.00 – 
1.27% 
0.33 – 
3.30% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.32% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.22% 
0.00 – 
0.00% 
Assilina 
ammonoides 
0.00 – 
0.32% 
0.00 – 
0.32% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.30% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.31% 
0.00 – 
0.00% 
0.00 – 
0.29% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.32% 
Bolivina 
striatula  
1.62 – 
1.95% 
1.92 – 
2.60% 
0.94 – 
2.17% 
0.93 – 
1.80% 
0.90 – 
1.30% 
1.95 – 
2.17% 
0.30 – 
2.37% 
0.98 – 
2.64% 
0.00 – 
0.32% 
0.00 – 
0.64% 
0.00 – 
0.95% 
0.00 – 
0.26% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.97% 
0.32 – 
2.85% 
Cibicides 
psuedolobatulu
s 
0.00 – 
0.65% 
0.65 – 
0.96% 
0.63 – 
1.55% 
0.90 – 
0.93% 
0.60 – 
0.65% 
0.00 – 
0.65% 
0.00 – 
0.61% 
0.00 – 
0.66% 
0.00 – 
0.32% 
0.00 – 
0.64% 
0.00 – 
0.90% 
0.00 – 
0.00% 
0.00 – 
0.29% 
0.00 – 
0.32% 
0.27 – 
0.28% 
0.00 – 
0.00% 
0.32 – 
0.64% 
Cornispira sp. 0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.93% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.65% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.55% 
0.00 – 
0.22% 
0.63 – 
0.96% 
Elphidium 
adventum 
4.87 – 
5.52% 
5.45 – 
7.03% 
4.02 – 
8.89% 
6.83 – 
7.49% 
11.69 
– 
12.01
% 
8.12 – 
9.32% 
1.83 – 
10.16
% 
1.30 – 
11.07
% 
0.97 – 
1.33% 
1.59 – 
2.23% 
0.28 – 
6.45% 
2.67 – 
3.13% 
2.31 – 
2.51% 
0.96 – 
1.61% 
1.38 – 
1.92% 
0.86 – 
1.94% 
0.96 – 
2.85% 
Elphidium 
craticulatum 
3.57 – 
4.55% 
2.88 – 
4.55% 
1.86 – 
4.39% 
2.99 – 
3.73% 
3.90 – 
5.71% 
3.25 – 
4.66% 
2.13 – 
5.34% 
1.56 – 
5.21% 
0.52 – 
1.94% 
0.80 – 
2.87% 
1.40 – 
3.87% 
0.27 – 
0.78% 
2.31 – 
2.79% 
0.64 – 
0.97% 
0.83 – 
1.37% 
0.32 – 
0.86% 
1.93 – 
2.22% 
Elphidium 
gerthi 
7.47 – 
8.77% 
3.19 – 
5.45% 
1.86 – 
3.17% 
2.99 – 
4.66% 
3.30 – 
3.90% 
5.84 – 
6.21% 
4.13 – 
8.84% 
0.95 – 
4.94% 
2.85 – 
11.33
% 
4.47 – 
12.42
% 
5.16 – 
10.56% 
4.70 – 
7.20% 
7.78 – 
8.66% 
2.87 – 
4.52% 
4.14 – 
8.22% 
2.58 – 
3.66% 
6.11 – 
7.28% 
Elphidium 
striatopunctatu
m 
4.22 – 
7.79% 
3.90 – 
4.17% 
2.79 – 
5.33% 
3.42 – 
4.49% 
3.60 – 
3.90% 
2.60 – 
3.11% 
1.83 – 
4.82% 
1.30 – 
3.58% 
0.52 – 
3.24% 
0.28 – 
2.23% 
0.87 – 
3.55% 
0.52 – 
1.60% 
1.73 – 
2.23% 
0.64 – 
1.29% 
1.37 – 
1.38% 
0.86 – 
1.61% 
0.63 – 
0.96% 
Lamarckina 
ventricosa 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
1.24% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
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Miliammina 
fusca 
1.30 – 
2.60% 
2.24 – 
5.13% 
0.00 -  
8.98% 
0.31 – 
0.60% 
0.30 – 
1.62% 
0.31 – 
0.65% 
0.59 – 
4.27% 
0.65 – 
12.99
% 
0.52 – 
6.15% 
0.56 – 
5.10% 
0.65 – 
8.70% 
0.78 – 
1.07% 
4.90 – 
5.87% 
0.32 – 
0.64% 
0.82 – 
1.66% 
0.86 – 
0.97% 
4.18 – 
12.03
% 
Patellinella sp. 0.97 – 
0.97% 
1.28 – 
1.92% 
0.00 – 
0.94% 
0.62 – 
1.50% 
0.60 – 
0.97% 
0.97 – 
1.24% 
0.61 – 
1.29% 
0.98 – 
1.90% 
0.00 – 
0.32% 
0.00 – 
0.64% 
0.24 – 
1.61% 
0.00 – 
0.26% 
0.28 – 
0.58% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.64 – 
1.27% 
Peneroplis 
planatus 
1.30 – 
1.62% 
1.28 – 
1.92% 
0.31 – 
1.27% 
0.62 – 
1.20% 
0.32 – 
1.80% 
0.93 – 
0.97% 
0.89 – 
1.29% 
0.52 – 
2.54% 
0.00 – 
0.32% 
0.00 – 
0.00% 
0.00 – 
1.90% 
0.26 – 
0.27% 
0.28 – 
0.58% 
0.00 – 
0.32% 
0.00 – 
0.00% 
0.22 – 
0.32% 
0.63 – 
1.29% 
Porosonion 
granosa 
2.60 – 
2.92% 
1.28 – 
1.95% 
0.31 – 
3.17% 
1.55 - 
2.10% 
1.62 – 
2.10% 
2.17 – 
2.27% 
0.91 – 
3.81% 
2.08 – 
3.26% 
0.97 – 
2.85% 
0.96 – 
2.40% 
0.28 – 
1.94% 
1.83 – 
1.87% 
1.12 – 
1.15% 
1.59 – 
1.94% 
2.47 – 
2.49% 
1.61 – 
1.94% 
1.58 – 
1.61% 
Rosalina 
orientlis 
0.65 – 
1.30% 
0.64 – 
1.60% 
0.32 – 
1.57% 
0.31 - 
0.60% 
0.65 – 
0.90% 
0.62 – 
0.97% 
0.61 – 
1.19% 
0.95 – 
2.28% 
0.00 – 
0.65% 
0.00 – 
0.64% 
0.29 – 
1.24% 
0.00 – 
0.26% 
0.28 – 
0.58% 
0.00 – 
0.00% 
0.27 – 
0.28% 
0.22 – 
1.94% 
0.96 – 
2.22% 
Spirillina sp. 0.32 – 
0.32% 
0.00 – 
0.32% 
0.00 – 
0.31% 
0.00 - 
0.30% 
0.00 – 
0.00% 
0.00 – 
0.31% 
0.00 – 
0.30% 
0.00 – 
0.33% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.27% 
0.00 – 
0.32% 
0.00 – 
0.64% 
Textularia sp. 0.97 – 
0.97% 
1.28 – 
1.60% 
0.63 – 
1.86% 
0.62 – 
0.90% 
0.65 – 
1.20% 
1.24 – 
1.30% 
0.00 – 
1.61% 
0.66 – 
2.86% 
0.00 – 
0.00% 
0.00 – 
0.32% 
0.00 – 
0.95% 
0.00 – 
0.00% 
0.00 – 
0.28% 
0.00 – 
0.00% 
0.00 - 
0.00% 
0.00 – 
0.22% 
0.00 – 
0.32% 
Miliolids 28.57 
– 
32.14
% 
24.92 – 
27.2% 
24.14 
– 
27.94
% 
29.64 
– 
30.43
% 
24.68 
– 
27.93
% 
27.33 - 
30.19
% 
26.11 
– 
31.51
% 
27.39 
– 
31.43
% 
31.39 
– 
63.20
% 
30.25 
– 
55.73
% 
26.73 – 
33.72% 
50.13 
– 
63.71
% 
27.93 
– 
32.85
% 
63.23 
– 
73.89
% 
51.51 
– 
56.91
% 
57.10 
– 
60.86
% 
35.76 
– 
44.05
% 
Planktics 1.30 – 
1.95% 
1.60 – 
3.57% 
0.63 – 
4.02% 
1.50 – 
1.86% 
4.87 – 
5.11% 
2.27 – 
4.66% 
0.30 – 
5.47% 
1.56 – 
7.26% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.65% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.65% 
0.00 – 
0.00% 
0.00 – 
0.22% 
0.00 – 
0.00% 
Foraminifera Taphonomy 
 Unit 2 
(T1) 
Unit 4 
(T2) 
Unit 6 
(T3) 
Unit 8 
(T4) 
Unit 
10 
(T5) 
Unit 
12 
(T6) 
Unit 
14 
(T7) 
Unit 
16 
(T8) 
Unit 1 Unit 3 Unit 5 Unit 7 Unit 9 Unit 
11 
Unit 
13 
Unit 
15 
Unit 
17 
Unaltered 40.58 
– 
46.75
% 
41.23 – 
47.76% 
43.26 
– 
51.70
% 
39.82 
– 
51.24
% 
44.16 
– 
47.15
% 
46.27 
– 
54.55
% 
41.90 
– 
74.09
% 
37.14 
– 
66.49
% 
63.21 
– 
74.43
% 
57.33 
– 
71.66
% 
51.27 – 
83.09% 
57.18 
– 
60.80
% 
72.91 
– 
74.91
% 
61.29 
– 
64.65
% 
70.68 
–
72.10
% 
74.41 
– 
79.68
% 
70.10 
– 
73.42
% 
Corraded 25.32 
– 
25.65
% 
24.68 – 
26.30% 
26.65 
– 
28.57
% 
23.05 
– 
24.53
% 
23.38 
– 
24.62
% 
23.38 
– 
25.16
% 
17.07 
– 
27.94
% 
9.09 – 
30.16
% 
13.59 
– 
22.93
% 
12.74 
– 
25.33
% 
9.07 – 
24.37% 
20.10 
– 
24.00
% 
14.41 
– 
15.36
% 
17.20 
– 
20.65
% 
12.43 
– 
14.52
% 
10.65 
– 
14.84
% 
5.38 – 
10.93
% 
Total 
fragmented 
27.60 
– 
34.09
% 
27.56 – 
32.47% 
20.74 
– 
30.09
% 
24.22 
– 
37.13
% 
28.23 
– 
32.47
% 
22.08 
– 
28.57
% 
8.84 – 
31.51
% 
23.43 
– 
32.70
% 
11.47 
– 
14.51
% 
15.61 
– 
17.33
% 
6.17 – 
26.45% 
15.20 
– 
22.72
% 
10.34 
– 
12.68
% 
18.06 
– 
18.15
% 
14.79 
– 
15.47
% 
9.68 – 
10.75
% 
18.97 
– 
21.20
% 
rounded 27.60 
– 
34.09
% 
27.56 – 
32.47% 
20.43 
– 
29.47
% 
23.91 
– 
35.93
% 
27.03 
– 
32.47
% 
22.08 
– 
28.26
% 
8.84 – 
30.87
% 
23.10 
– 
32.06
% 
11.47 
– 
14.51
% 
15.61 
– 
17.33
% 
6.17 – 
26.45% 
14.67 
– 
22.72
% 
10.34 
– 
12.68
% 
18.06 
– 
18.15
% 
14.79 
– 
15.47
% 
9.68 – 
10.75
% 
18.97 
– 
21.20
% 
angular 0.00 – 
0.00% 
0.00 – 
0.32% 
0.00 
0.63% 
0.31 – 
1.20% 
0.00 – 
1.20% 
0.00 – 
0.31% 
0.00 – 
0.64% 
0.00 – 
0.65% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.53% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
0.00 – 
0.00% 
Foraminifera Size 
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 Unit 2 
(T1) 
Unit 4 
(T2) 
Unit 6 
(T3) 
Unit 8 
(T4) 
Unit 
10 
(T5) 
Unit 
12 
(T6) 
Unit 
14 
(T7) 
Unit 
16 
(T8) 
Unit 1 Unit 3 Unit 5 Unit 7 Unit 9 Unit 
11 
Unit 
13 
Unit 
15 
Unit 
17 
Small (<250 
μm) 
98.70 
– 
99.68
% 
98.72 – 
100.00
% 
97.52 
– 
99.68
% 
98.80 
– 
99.07
% 
98.70 
– 
98.80
% 
98.38 
– 
99.07
% 
98.41 
– 
99.11
% 
96.19 
– 
99.35
% 
99.47 
– 
99.68
% 
99.04 
– 
99.47
% 
98.80 – 
100.00
% 
98.96 
– 
99.47
% 
98.56 
– 
98.88
% 
98.39 
– 
99.39
% 
99.45 
– 
99.45
% 
97.10 
– 
97.85
% 
93.25 
– 
98.10
% 
Large (>250 
μm) 
0.32 – 
1.30% 
0.00 – 
1.28% 
0.32 – 
2.48% 
0.93 – 
1.20% 
1.20 – 
1.30% 
0.93 – 
1.62% 
0.89 – 
1.59% 
0.65 – 
3.81% 
0.32 – 
0.53% 
0.53 
0.96% 
0.00 – 
1.20% 
0.53 – 
1.04% 
1.12 – 
1.44% 
0.64 – 
1.61% 
0.55 – 
0.55% 
2.15 – 
2.90% 
1.90 – 
6.75% 
Foraminifera abundances for taxonomic, taphonomic, and size data generated for Core 1. Data is reported in ranges of foraminiferal abundances separated between 17 stratigraphic units, grouped as 
either overwash or lagoonal units. 
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Unit 1, extending from 481 to 493 cm below the surface, is dominated by 
Ammonia tepida (18.13 to 25.24%), Ammonia parkinsoniana (5.33 to 14.24%), 
Miliammina fusca (0.52 to 6.15%), and a paucity of planktics. Foraminifera in Unit 1 are 
predominantly unaltered (63.21 to 74.43%) and to a lesser extent, corraded (13.59 to 
22.93%) and fragmented with rounded edges (11.47 to 14.51%). Individuals in this unit 
were characterized by large test sizes (0.32 to 0.53% >250m), a species richness (R) 
value of 10 and a Shannon Index of diversity (H) value of 1.5. Unit 2, 467 to 281 cm, is 
dominated by Ammonia tepida (11.69 to 13.31%), Ammonia parkinsoniana (10.71 to 
11.69%), Amphistegina spp. (0.32 to 0.65%), and planktics (1.30 to 1.95%). Foraminifera 
in Unit 2 are predominantly unaltered (40.58 to 46.75%) and to a lesser extent 
fragmented with rounded edges (27.60 to 34.09%) and corraded (25.32 to 25.65%). 
Individuals in this unit were characterized by large test sizes (0.32 to 1.30%, >250m), a 
species richness (R) value of 19 and a Shannon Index of diversity (H) value of 2.3.  
Unit 3, 451 to 469 cm, is dominated by Ammonia tepida (21.23 to 28.66%), 
Ammonia parkinsoniana (7.20 to 11.46%), Miliammina fusca (0.56 to 5.10%), and a 
paucity of Amphistegina spp. and planktics. Foraminifera in Unit 3 are predominately 
unaltered (57.33 to 71.66%) and to a lesser extent fragmented with rounded edges (15.61 
to 17.33%) and corraded (12.74 to 25.33%). Individuals in this unit were characterized by 
large test sizes (0.53 to 0.96%, >250m), a species richness (R) value of 10 and a 
Shannon Index of diversity (H) value of 1.6. Unit 4, 429 to 451 cm, is dominated by 
Ammonia parkinsoniana (13.31 to 13.78%), Ammonia inflata (8.65 to 16.93%), planktics 
(1.60 to 3.57%) and Amphistegina spp. (0.64 to 1.30%). Foraminifera in Unit 4 are 
predominately unaltered (41.23 to 47.76%), fragmented with rounder edges (27.56 to 
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32.47%), and corraded (24.68 to 26.30%). Individuals in this unit were characterized by 
large test sizes (0.00 to 1.28%, >250m), a species richness (R) value of 19 and a 
Shannon Index of diversity (H) value of 2.4. Unit 5, 191 to 429 cm, is dominated by 
Ammonia tepida (21.52 to 34.57%), Ammonia parkinsoniana (9.68 to 15.34%), 
Miliammina fusca (0.65 to 8.70%), and very low relative abundances of planktics (0.00 to 
0.65%) and Amphistegina spp. (0.00 to 0.32%). Foraminifera in Unit 5 are predominately 
unaltered (51.27 to 83.09%), and corraded (9.07 to 24.37%), and to a lesser extent 
fragmented with rounded edges (6.17 to 26.45%). Individuals in this unit were 
characterized by large test sizes (0.00 to 1.20%, >250m), a species richness (R) value of 
13 and a Shannon Index of diversity (H) value of 1.8.  
Unit 6, 174 to 191 cm, is dominated by Ammonia tepida (18.81 to 25.70%), 
Ammonia parkinsoniana (8.05 to 11.11%), Miliammina fusca (0.00 to 8.98%), and 
planktics (0.63 to 4.02%) and Amphistegina spp. (0.32 to 0.94%). Foraminifera in Unit 6 
are predominately unaltered (43.26 to 51.70%) and corraded (26.65 to 28.57%), and to a 
lesser extent fragmented with rounded edges (20.43 to 29.47%). Individuals in this unit 
were characterized by large test sizes (0.32 to 2.48%, >250m), a species richness (R) 
value of 17 and a Shannon Index of diversity (H) value of 2.2. Unit 7, 171 to 174 cm, is 
dominated by Ammonia tepida (10.70 to 20.53%), Ammonia parkinsoniana (8.53 to 
9.14%), Miliammina fusca (0.78 to 1.07%), and a paucity of planktics (0.00 to 0.00%) 
and Amphistegina spp. (0.00 to 0.00%). Foraminifera in Unit 7 are predominately 
unaltered (57.18 to 60.80%) and corraded (20.10 to 24.00%), and to a lesser extend 
fragmented with round edges (14.67 to 22.72%). Individuals in this unit are characterized 
by large test sizes (0.53 to 1.04%, >250m), a species richness (R) value of 11 and a 
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Shannon Index of diversity (H) value of 1.5. Unit 8, 164 to 171 cm, is dominated by 
Ammonia tepida (19.16 to 20.19%), Ammonia parkinsoniana (13.17 to 14.91%), 
planktics (1.50 to 1.86%) and Amphistegina spp. (0.60 to 0.62%). Foraminifera in Unit 8 
are predominately unaltered (39.82 to 51.24%), fragmented with rounded edges (23.91 to 
35.93%), and to a lesser extent corraded (23.05 to 24.53%). Individuals in this unit are 
characterized by large test sizes (0.93 to 1.20%, >250m), a species richness (R) value of 
18 and a Shannon Index of diversity (H) value of 2.2.  
Unit 9, 140 to 164 cm, is dominated by Ammonia inflata (0.56 to 1.44%), 
Ammonia parkinsoniana (13.26 to 13.97%), Amphistegina spp. (0.00 to 0.00%), 
Miliammina fusca (4.90 to 5.87%), and planktics (0.00 to 0.00%). Foraminifera in Unit 9 
are predominately unaltered (72.91 to 74.91%), and to a lesser extent corraded (14.41 to 
15.36%). Individuals in this unit are characterized by large test sizes (1.12 to 1.44%, 
>250m), a species richness (R) value of 14 and a Shannon Index of diversity (H) value 
of 1.8.  
Unit 10, from 129 to 140 cm, is dominated by Ammonia inflata (11.71 to 
14.94%), Elphidium adventum (11.69 to 12.01%), planktics (4.87 to 5.11%), Elphidium 
gerthi (3.30 to 3.90%), and Amphistegina spp. (0.32 to 1.20%). Foraminifera in Unit 10 
are predominately unaltered (44.16 to 47.15%), fragmented with rounded edges (27.03 to 
32.47%), and corraded (23.38 to 24.62%). Individuals in this unit are characterized by 
large test sizes (1.20 to 1.30%, >250m), a species richness (R) value of 18 and a 
Shannon Index of diversity (H) value of 2.3. Unit 11, from 120 to 129 cm, is dominated 
by Ammonia tepida (9.24 to 12.26%), Miliammina fusca (0.32 to 0.64%), planktics (0.00 
to 0.65%), and paucity of Amphistegina spp. Foraminifera in Unit 11 are predominately 
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unaltered (61.29 to 64.65%), and to a lesser extent fragmented with rounded edges (18.06 
to 18.15%) and corraded (17.20 to 20.65%). Individuals in this unit are characterized by 
large test sizes (0.64 to 1.61%, >250m), a species richness (R) value of 11 and a 
Shannon Index of diversity (H) value of 1.2. Unit 12, from 109 to 120 cm, is dominated 
by Ammonia parkinsoniana (11.36 to 11.80%), Ammonia inflata (10.71 to 12.42%), 
planktics (2.27 to 4.66%), Amphistegina spp. (0.32 to 0.93%), and Miliammina fusca 
(0.31 to 0.65%). Foraminifera in Unit 12 are predominately unaltered (46.27 to 54.55%), 
corraded (23.38 to 25.16%), and fragmented with rounded edges (22.08 to 28.26%). 
Individuals in this unit are characterized by large test sizes (0.93 to 1.62%, >250m), a 
species richness (R) value of 18 and a Shannon Index of diversity (H) value of 2.3. 
Unit 13, from 101 to 109 cm, is dominated by Ammonia tepida (18.36 to 18.78%), 
Ammonia parkinsoniana (7.12 to 8.56%), Miliammina fusca (0.82 to 1.66%), and a 
paucity of planktics and Amphistegina spp. Foraminifera in Unit 13 are predominately 
unaltered (70.68 to 72.10%), fragmented with rounded edges (14.79 to 15.47%), and 
corraded (12.43 to 14.52%). Individuals in this unit are characterized by large test sizes 
(0.55 to 0.55%, >250m), a species richness (R) value of 12 and a Shannon Index of 
diversity (H) value of 1.5. Unit 14, from 69 to 101 cm, is dominated by Ammonia 
parkinsoniana (9.00 to 11.28%), Ammonia tepida (6.11 to 33.84%), Miliammina fusca 
(0.59 to 4.27%), planktics (0.30 to 5.47%), and Amphistegina spp. (0.00 to 1.27%). 
Foraminifera in Unit 14 are predominately unaltered (41.90 to 74.09%), corraded (17.07 
to 27.94%), and fragmented with rounded edges (8.84 to 30.87%). Individuals in this unit 
are characterized by large test sizes (0.89 to 1.59%, >250m), a species richness (R) 
value of 17 and a Shannon Index of diversity (H) value of 2.2. Unit 15, 60 to 69 cm, is 
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dominated by Ammonia tepida (14.19 to 17.85%), Ammonia parkinsoniana (5.81 to 
8.17%), Miliammina fusca (0.86 to 0.97%), and low relative abundances of planktics 
(0.00 to 0.22%) and Amphistegina spp. (0.00 to 0.22%). Foraminifera in Unit 15 are 
predominately unaltered (74.41 to 79.68%), and to a lesser extent corraded (10.65 to 
14.84%) and fragmented with rounded edges (9.68 to 10.75%). Individuals in this unit 
are characterized by large test sizes (2.15 to 2.90%, >250m), a species richness (R) 
value of 14 and a Shannon Index of diversity (H) value of 1.4.  
Unit 16, 19 to 60 cm, is dominated by Ammonia inflata (9.09 to 22.48%), 
planktics (1.56 to 7.26%), and to a lesser extent Miliammina fusca (0.65 to 12.99%) and 
Amphistegina spp. (0.33 to 3.30%). Foraminifera in Unit 16 are predominately unaltered 
(37.14 to 66.49%) and fragmented with rounded edges (23.10 to 32.06%), and to a lesser 
extent corraded (9.09 to 30.16%). Individuals in this unit are characterized by large test 
sizes (0.65 to 3.81%, >250m), a species richness (R) value of 17 and a Shannon Index 
of diversity (H) value of 2.3. Unit 17, 0 to 19 cm, is dominated by Ammonia tepida 
(18.35 to 22.83%), Ammonia parkinsoniana (7.91 to 8.36%), Miliammina fusca (4.18 to 
12.03%), and a paucity of planktics and Amphistegina spp. Foraminifera in Unit 17 are 
predominately unaltered (70.10 to 73.42%) and fragmented with rounded edges (18.97 to 
21.20%). Individuals in this unit are characterized by large test sizes (1.90 to 6.75%, 
>250m), a species richness (R) value of 16 and a Shannon Index of diversity (H) value 
of 1.9.  
In general, overwash layers were dominated by Ammonia inflata (2.13 to 
22.48%), Ammonia parkinsoniana (4.62 to 14.91%), Elphidium adventum (1.30 to 
12.01%), and planktics (0.30 to 7.26%). Although in low abundances, Amphistegina spp. 
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(0.00 to 3.30%), Peneroplis planatus (0.31 to 2.54%), and Textularia sp. (0.00 to 2.86%) 
are also present within the eight inferred tsunami deposits (Tables 6 and A5), but rarely 
found in the lagoonal layers (i.e., Amphistegina spp. in only found in 2 of the 9 lagoon 
layers; Units 5 and 15). In Sur Lagoon, planktics and Amphistegina spp. indicate a marine 
origin as they inhabit the shallow marine area closest to the entrance channel of the 
lagoon and are only found in high abundances in overwash layers, not within lagoonal 
muds (Pilarczyk and Reinhardt, 2012b). Taphonomic analysis of the inferred overwash 
deposits determined that foraminiferal tests within overwash layers are generally more 
unaltered (37.14 to 74.09%) than corraded (9.09 to 30.16%), round fragmented (8.84 to 
35.93%) or angular fragmented (0.00 to 1.20%). Additionally, of the fragmented 
individuals the ratio of rounded to angular specimens ranged from 96:4 to 100:0 (Table 
6). Test size analysis revealed that of the overwash samples a majority of individuals 
were small (<250 m; 96.16 to 100.00%) however, low abundances of large (>250 m) 
foraminifera were recorded (0 to 3.81%) (Table 6).  
Lagoonal mud layers contained lower foraminiferal concentrations (7910 to 
16179 individuals per 2.5 cm3), lower species richness (R; 10 to 19), and a lower 
Shannon Index of diversity value (H; 1.1 to 2.2). While miliolid species were the more 
prevalent by far (26.73 to 73.89%), other useful foraminiferal species were found in 
lower abundances within the lagoonal samples of the core. Ammonia parkinsoniana (4.14 
to 15.34%), Ammonia tepida (9.24 to 34.57%), and Miliammina fusca (0.32 to 12.03%) 
are found in relative high abundances in Core 1 (Tables 6 and A5). Taphonomic analysis 
of lagoon sediment revealed abundances of unaltered (51.27 to 83.09%), corraded (5.38 
to 25.33%), round fragmented (6.17 to 26.45%) and angular fragmented (0.00 to 0.53%); 
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with the ratio of rounded to angular individuals ranging from 97:3 to 100:0. Test size 
analysis found that within lagoonal samples a high majority (93.25 to 100.00%) of 
individuals were classified as small (<250 m) with few (0.00 to 6.75%) categorized as 
large (>250 m) (Tables 6 and A5). 
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Figure 6. Select foraminiferal assemblages for Core 1. 
Foraminiferal data for Core1 including a sedimentary log, concentration of individuals per 1 cm3, as well as relative abundances of selected taxa, taphonomic characteristics, and test size. 
Inferred overwash layers are indicated by yellow rectangles.  
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Table 7 Radiocarbon ages for Core 1. 
Submitter’s 
number* 
Material dated Depth in 
Core (cm) 
Age 
(Conventional 
B.P.) 
Age (14C 
yr BCE 
2) 
Age (cal 
yr CE 
1) 
Age (cal 
yr CE 2) 
Stratigraphic 
position 
OS - 
137461 
Articulated 
bivalve 
6 Modern -
- 
-- -- Unit 17, 14 cm 
above T8 
Beta – 
229865 
Articulated 
bivalve 
94 1940  40 1810 - 1164 196 - 741 140 - 787 Unit 14, within 
T7 
Beta – 
229864 
Wood 139 1410  40 1381 - 1280 609 - 657 569 - 671 Unit 10, within 
T5 
Beta – 
229863 
Articulated 
bivalve 
295 2210  40 2129 - 1484 -131 - 
410 
-178 - 466 Unit 5, 104 cm 
below T3, 135 cm 
above T2 
Beta – 
229862 
Articulated 
bivalve 
296 2240  40 2163 - 1508 -165 - 
373 
-212 - 442 Unit 5, 103 cm 
below T3, 134 cm 
above T2 
OS - 
137702 
Articulated 
bivalve 
369 2480  40 2499 - 1802 -471 - 
106 
-548 - 148 Unit 5, 168 cm 
below T3, 61 cm 
above T2 
OS - 
137703 
Articulated 
bivalve 
369 2300  20 2199 - 1625 -209 - 
294 
-249 - 326 Unit 5, 168 cm 
below T3, 61 cm 
above T2 
Beta – 
229861 
Articulated 
bivalve 
487 3040  40 3127 - 2515 -1109 - -
587 
-1176 - -
565 
Unit 1, 6 cm 
below T1, 6 cm 
above end of core 
Eight radiocarbon ages from five intervals within Core 1. Ages were calibrated using Marine13 for articulated bivalves and IntCal13 
for wood. The calibration for articulated bivalves incorporates a local marine reservoir effect, R, of 190  25 (Southon et al., 2002). 
*Indicates which laboratory the samples were analyzed, OS for NOSAMS and Beta for Beta Analytic Radiocarbon Dating Laboratory. 
Geochemical Analysis 
XRF analysis for Core 1 resulted in several peaks in indicator elements within 
Core 1.  The same peaks were not as obvious in Core 3. While a total of 54 chemical 
elements were measured in Cores 1 and 3, only a few were found to be useful in 
delineating lagoon and overwash sediments (i.e., Ca, Zr, Ti, Mg; Croudace et al., 2006; 
Chagué-Goff et al., 2016). Core 1 was analyzed at in interval of 0.1 mm and resulted in 
4890 data points that were plotted alongside the running average (Table 9; Figure 7).  
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Table 8 Radiocarbon ages for Core 3. 
Submitter’s 
number* 
Material 
dated 
Depth in 
Core 
(cm) 
Age 
(Conventional 
B.P.) 
Age 
(14C yr 
BCE 2) 
Age 
(cal yr 
CE 1) 
Age 
(cal yr 
CE 2) 
Stratigraphic position 
OS - 137704 Articulated 
bivalve 
201 2340  20 2251 - 
1663 
-256 - 
250 
-300 - 
287 
Unit 2, 85 cm below 
Unit 3, 74 cm above 
Unit 1 
One radiocarbon age from Core 3. Age was calibrated using Marine13 and incorporates a local marine reservoir effect, R, of 190  
25 (Southon et al., 2002). *Indicates which laboratory the samples were analyzed, OS for NOSAMS. 
Core 1 
Unit 1 consisted of an averaged counts per second value of 1228.03  929.90 for 
Ti, 255.09  134.93 for Zr, 303981.83  223953.70 for Ca, 5311.80  2745.62 for Sr, 
8.48  7.59 for Mg, and 142.63  98.94 for Ba. In contrast, Unit 2 (overwash unit T1) 
consisted of higher average counts per second for Ti (2507.11  522.39), Zr (398.83  
47.29), Ca (570181.77  25976.37), Sr (8255.93  522.41), Mg (14.82  4.26), and Ba 
(210.77  45.50) compared to Unit 1. Unit 3 consisted of an average of counts per second 
measurements of 2723.67  555.57 for Ti, 403.56  36.02 for Zr, 542868.14  38105.00 
for Ca, 6794.35  1435.01 for Sr, 17.57  6.03 for Mg, and 262.02  73.04 for Ba. In 
contrast, Unit 4 (overwash unit T2) consisted of comparable average of counts per second 
measurements of 2723.43  425.18 for Ti, 402.00  26.19 for Zr, 509025.48  31745.74 
for Ca, 6825.37  727.92 for Sr, 256.63  48.61 for Ba and slightly lower measurements 
of Mg (13.90  5.64).  
Unit 5 consisted of an average of counts per second measurements of 3590.91  
1372.99 for Ti, 364.80  43.44 for Zr, 438590.97  111294.18 for Ca, 4166.40  864.40 
for Sr, 19.97 8.93 for Mg, and 272.83  91.86 for Ba. 
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Figure 7. XRF analysis for Core 1.  
XRF analysis plot for selected elements for Core 1 with particle size distribution (PSD) plot included on the left followed by the stratigraphic log. Black lines indicate running average values 
while grey dots represent individual data values. Yellow rectangles highlight inferred overwash events while the blue rectangle indicates the 1945 Makran Trench tsunami deposit (T8). 
Stratigraphic units labeled on the right side. Measurements are recorded in counts per second (cps). Erroneous data from ~220 to 235 cm has been removed. 
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Table 9 Summary of XRF data for 17 stratigraphic units of Core 1. 
Unit No. Titanium (Ti) 
(cps) 
Zirconium 
(Zr) (cps) 
Calcium (Ca) 
(cps) 
Strontium (Sr) 
(cps) 
Magnesium 
(Mg) (cps) 
Barium (Ba) 
(cps) 
17 4198.99  
770.45 
451.21  29.46 357923.12  
29883.82 
2613.86  
215.88 
18.73  5.74 270.56  40.39 
16 4399.07 
789.78 
393.73  70. 24 354158.48  
26907.69 
2522.93  
144.79 
20.42  6.23 236.47  36.29 
15 3619.56  
508.75 
325.02  23.52 346509.17  
39602.24 
2674.13  
129.51 
17.80  5.22 162.76  30.62 
14 4192.23 
702.85 
332.75  31.82 426319.27  
49473.20 
3259.98  
499.16 
20.99  6.82 233.47  77.48 
13 3536.50  
757.62 
352.25  53.19 474037.79  
49974.50 
3902.53  
278.46 
17.05  4.82 292.49  20.14 
12 2602.01  
580.19 
359.48 27.70 515514.74  
22497.63 
4488.31  
156.96 
12.57  4.22 302.95  40.68 
11 2026.03  
213.91 
336.26  26.92 489002.56  
10132.91 
4671.37  
68.71 
11.98  5.32 300.24  36.01 
10 2666.57  
438.88 
334.62  21.94 472044.05  
8217.35 
4455.36  
192.31 
12.30  1.81 324.55  31.34 
9 2895.89  
546.94 
309.58  29.82 481287.10  
33347.74 
4348.37  
211.96 
17.17  6.73 276.24  43.88 
8 2580.67  
352.61 
295.04  26.14 445049.76  
44262.66 
4203.44  
159.38 
19.06  8.88 290.07  43.79 
7 2615.47  
275.95 
318.77  8.19 450165.87  
33009.94 
4295.43  
51.04 
12.10  2.66 289.73  24.95 
6 2140.95  
599.90 
303.04  63.48 425275.05  
111838.23 
4089.02  
721.31 
13.95  5.84 262.24  69.18 
5 3590.91  
1372.99 
364.80  43.44 438590.97  
111294.18 
4166.40  
864.40 
19.97  8.93 272.83  91.86 
4 2723.43  
425.18 
402.00  26.19 509025.48  
31745.74 
6825.37  
727.92 
13.90  5.64 256.63  48.61 
3 2723.67  
555.57 
403.56 36.02 542868.14  
38105.00 
6794.35  
1435.01 
17.57  6.03 262.02  73.04 
2 2507.11  
522.39 
398.83  47.29 570181.77  
25976.37 
8255.93  
522.41 
14.82  4.26 210.77  45.50 
1 1228.03  
929.90 
255.09  
134.93 
303981.83  
223953.70 
5311.80  
2745.62 
8.48  7.59 142.63  98.94 
Averaged reported value and standard deviation for select chemical elements (Titanium, Zirconium, Calcium, Strontium, Magnesium, 
and Barium) for each stratigraphic unit of Core 1. Values reported in counts per second (cps). 
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In contrast, Unit 6 (overwash unit T3) consisted of comparable average of counts 
per second measurements of 303.04  63.48 for Zr, 425275.05  111838.23 for Ca, 
4089.02  721.31 for Sr, 262.24  69.18 for Ba and lower measurements of Ti (2140.95  
599.90) and Mg (13.95  5.84). Unit 7 consisted of an average of counts per second 
measurements of 2615.47  275.95 for Ti, 318.77  8.19 for Zr, 450165.87  33009.94 
for Ca, 4295.43  51.04 for Sr, 12.10  2.66 for Mg, and 289.73  24.95 for Ba. Unit 8 
(overwash unit T4) consisted of comparable average of counts per second measurements 
of 2580.67 352.61 for Ti, 395.04  26.14 for Zr, 445049.76  44262.66 for Ca, 4203.44 
 159.38 for Sr, 19.06  8.88 for Mg, and 290.07  43.79 for Ba. Unit 9 consisted of an 
average of counts per second measurements of 2895.89  546.94 for Ti, 309.58  29.81 
for Zr, 481287.10  33347.74 for Ca, 4348.44  211.96 for Sr, 17.17  6.73 for Mg, and 
276.24  43.88 for Ba. In contrast, Unit 10 (overwash unit T5) consisted of similar 
average of counts per second measurements of 472044.05  8217.35 for Ca and 4455.36 
 192.31 for Sr, slightly higher measurements of Zr (334.62  21.94) and Ba (324.55  
31.34), and lower measurements of Ti (2666.57  438.88) and Mg (12.30  1.81). 
Unit 11 consisted of an average of counts per second measurements of 2026.03  
213.91 for Ti, 336.26  26.92 for Zr, 489002.56  10132.91 for Ca, 4671.37  68.71 for 
Sr, 11.98  5.32 for Mg, and 300.24  36.01 for Ba. In contrast, Unit 12 (overwash unit 
T6) consisted of comparable average of counts per second measurements of 2602.01  
580.19 for Ti, 4488.31  156.96 for Sr, 12.57  4.22 for Mg, 302.95  40.68 for Ba, and 
slightly higher measurements of Ca (515514.74  22497.63) and Zr (359.48  27.70). 
Unit 13 consisted of an average of counts per second measurements of 3536.50  757.62 
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for Ti, 352.25  53.19 for Zr, 474037.79  49974.50 for Ca, 3902.53  278.46 for Sr, 
17.05  4.82 for Mg, and 292.49  20.14 for Ba. Unit 14 (overwash unit T7) consisted of 
comparable average of counts per second measurements of 332.75  31.82 for Zr, 
426319.27  49473.20 for Ca, 3259.98  499.16 for Sr, 20.99  6.82 for Mg, slightly 
higher measurements Ti (4192.23  702.85), and lower measurements of Ba (233.47 
77.48).  
Unit 15 consisted of an average of counts per second measurements of 3619.56  
508.75 for Ti, 325.02  23.52 for Zr, 346509.17  39602.24 for Ca, 2674.13  129.51 for 
Sr, 17.80  5.22 for Mg, and 162.76  30.62 for Ba. In contrast, Unit 16 (overwash unit 
T8, 1945 tsunami deposit) consisted of comparable average of counts per second 
measurements of 20.42  6.23 for Mg, slightly higher measurements of Ti (4399.07  
789.78), Zr (393.73  70.24), Ca (354158.48  26907.69), Ba (236.47  36.29), and 
slightly lower measurements of Sr (2522.93  144.79). Unit 17 consisted of an average of 
counts per second measurements of 4198.99  770.45 for Ti, 451.21  29.46 for Zr, 
357923.12  29883.82 for Ca, 2613.86  215.88 for Sr, 18.73  5.74 for Mg, and 270.56 
 40.39 for Ba. 
Within Core 1, averaged counts per second measurements for inferred overwash 
units consisted of 2976.50  834.71 for Ti, 352.44  42.77 for Zr, 464696.07  66933.00 
for Ca, 4762.54  1877.25 for Sr, 16.00  3.57 for Mg, and 264.64  38.62 for Ba. 
Additionally, the inferred overwash layer associated with the 1945 tsunami (Unit 16, T8) 
had averaged counts per second measurements of 4399.07  789.78 for Ti, 393.73  
70.24 for Zr, 354158.48  26907.69 for Ca, 2522.93  144.79 for Sr, 20.42  6.23 for 
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Mg, and 236.47  36.29 for Ba. The averaged counts per second measurements for 
lagoonal units within Core 1 consisted of 2937.23  918.32 for Ti, 346.28  56.61 for Zr, 
431596.28  78496.91 for Ca, 4308.69  1277.08 for Sr, 15.65  3.85 for Mg, and 252.17 
 57.86 for Ba 
Core 3 
Core 3 was analyzed at a higher resolution (0.02 mm) yielding 14415 data points 
and was also plotted alongside the running average (Table 10; Figure 8). Unit 1 consisted 
of an average of counts per second measurements of 6922.15  2426.22 for Ti, 310.08  
74.38 for Zr, 419684.29  144843.98 for Ca, 2183.42  458.37 for Sr, 31.07  11.58 for 
Mg, and 300.91  100.99 for Ba. In contrast, Unit 2 consisted of comparable average of 
counts per second measurement for Ca (422971.43  56226.65) and Sr (2242.98  
230.63), slightly higher measurements for Zr (355.88  42.79) and Ba (394.41  100.82), 
and slightly lower measurements for Ti (6205.70  1002.14) and Mg (20.52  5.27) 
compared to Unit 1. 
Unit 3 consisted of an average of counts per second measurement of 6997.76  
494.15 for Ti, 387.50  30.04 for Zr, 434636.12  22049.60 for Ca, 2468.77  281.89 for 
Sr, 18.88  2.54 for Mg, and 631.05  51.86 for Ba. In contrast, Unit 4 consisted of 
comparable average of counts per second measurements for Zr (359.49  37.54), Ca 
(446815.94  52280.79), Sr (2595.87  424.04), and Mg (17.03  3.61), somewhat higher 
measurements for Ba (672.13  85.71), and slightly lower measurements for Ti (6280.96 
 1035.35) compared to Unit 3. 
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Figure 8. XRF analysis for Core 3. 
XRF analysis plot for selected elements for Core 3 with particle size distribution (PSD) plot included on the left followed by the stratigraphic log. Black lines indicate running average values while grey 
dots represent individual data values. Stratigraphic units labelled on the right side. Measurements are recorded in counts per second (cps). Grey rectangles indicate a loss in data. 
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Table 10 Summary of XRF data for 6 stratigraphic units of Core 3. 
Unit Ti (cps) Zr (cps) Ca (cps) Sr (cps) Mg (cps) Ba (cps) 
6 8459.59  
472.48 
391.50  28.12 405521.85   
32297.61 
2023.78  
265.99 
19.19  2.91 734.53  
103.95 
5 8885.82  
1153.72 
380.52  32.06 386858.79  
34204.28 
1522.63  
258.93 
17.03  2.60 891.29  
112.46 
4 6280.96  
1035.35 
359.49  37.54 446815.94  
52280.79 
2595.87  
424.04 
17.03  3.61 672.13  85.71 
3 6997.76  
494.15 
387.50  30.04 434636.12  
22049.60 
2468.77  
281.89 
18.88  2.54 631.05  51.86 
2 6205.70  
1002.14 
355.88  42.79 422971.43  
56226.65 
2242.98  
230.63 
20.52  5.27 394.41  
100.82 
1 6922.15  
2426.22 
310.08  74.38 419684.29  
144843.98 
2183.42  
458.37 
31.07  11.58 300.91  
100.99 
Averaged reported value and standard deviation for select chemical elements (Titanium, Zirconium, Calcium, Strontium, Magnesium, 
and Barium) for each stratigraphic unit of Core 3. Values reported in counts per second (cps). 
Unit 5 consisted of an average of counts per second measurements of 8885.82  
1153.72 for Ti, 391.50  28.12 for Zr, 386858.79  34204.28 for Ca, 1522.63  258.93 
for Sr, 17.03  2.60 for Mg, and 891.29  112.46 for Ba. In contrast, Unit 6 consisted of 
comparable average of counts per second measurements for Mg (19.19  2.91), slightly 
higher measurements for Zr (391.50  28.12), Ca (405521.85  32297.61), and Sr 
(2023.78  265.99), and somewhat lower measurements for Ti (8459.59  472.48) and 
Ba (734.53  103.95) compared to Unit 5. 
Core 3 consists of an average counts per second measurements of 6701.93  
1333.45 with a range of 13.69 to 10887.75 for titanium (Ti), 363.35  43.70 with a range 
of 107.63 to 457.71 for zirconium (Zr), 427934.51  58330.19 with a range of 54.81 to 
653904.63 for calcium (Ca), 2310.78  431.77 with a range of 856.69 to 3613.43 for 
strontium (Sr), 19.41  5.59 with a range of 0.31 to 41.27 for magnesium (Mg), and 
563.15  191.29 with a range of 10.31 to 1036.29 for barium (Ba) (Table 10). In general, 
the measurements for magnesium (Mg) and barium (Ba) are highest at the bottom of Core 
3 (Unit 6), while measurements of barium (Ba) and titanium (Ti) are highest near the 
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surface of Core 3 (Units 5 and 6; Table 10). Considering these geochemical trends, Unit 6 
is the most similar to overwash sediments seen in Core 1 (Table 9; Figure 7) with 
elevated measurements of zirconium and decreased measurements of magnesium (Table 
10; Figure 8). However, given that Unit 6 is the unit closest to the top of the core, the 
increased marine-sourced measurements are not surprising.  
Chronology 
Radiocarbon ages accounting for 2 standard deviations were calculated for the 
eight samples from Core 1 and one sample from Core 3 (Tables 7 and 8). The first dated 
material was collected from Unit 1 at 487 cm, 6 cm below Unit 2 (T1) and consisted of 
an articulated bivalve (Genus Protapes) and is analyzed as -1176 to -565 cal yr CE (1176 
to 565 cal yr BCE). Next, at 369 cm, within Unit 5, 61 cm above T2 another articulated 
bivalve (Genus Tellina) was analyzed and found to be -249 to 326 cal yr CE. At the same 
depth, 369 cm, another articulated bivalve (Genus Acropaginula) was dated to be -548 to 
148 cal yr CE. At a depth of 296 cm, within Unit 5 and 134 cm above T2, another 
articulated bivalve was analyzed and dated to -212 to 442 cal yr CE. Another articulated 
bivalve was collected from 295 cm within Unit 5, 135 cm above T2, and was dated to -
178 to 466 cal yr CE. A piece of wood from 139 cm, within Unit 10 within T5, it was 
dated to 569 to 671 cal yr CE. At a depth of 94 cm, an articulated bivalve within Unit 14 
within T7 was dated and found to be 140 to 787 cal yr CE. The last radiocarbon date was 
taken from a depth of 6 cm, within Unit 17, 14 cm above T8, and was dated to be 
“modern” or more recent than 1950. The oldest radiocarbon date collected from Core 1 
was 1176 to 565 cal yr BCE at a depth of 487 cm while the most recent sample taken 
from a 6 cm depth was found to be modern indicating deposition since 1950 CE (Table 
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7). The only date collected from Core 3 was an articulated bivalve (Genus Marcia) from 
201 cm and was dated to 300 to 287 cal yr CE (Table 8). The choice to use an average 
marine reservoir effect (R) value of 190  25 (Southon et al., 2002; Lindauer et al., 
2017) for all articulated bivalve shells meant that the reservoir effect might be magnified 
in some intervals making the ranges larger which makes reported both one and two sigma 
values important.  
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CHAPTER IV – DISCUSSION 
Comparison of paleo-overwash deposits with the 1945 tsunami deposit  
The geologic record beneath Sur Lagoon, Oman archives a history of lagoon 
evolution punctuated by overwash events over the last 3100 years. Sandy overwash units 
(T1 to T8) are easily discriminated from lagoon mud by stratigraphic features such as 
distinct color changes, sharp lower contacts, and shell concentrations (Figure 4). Donato 
et al. (2008) were the first to document an overwash deposit in Sur Lagoon, which they 
inferred to be from the 1945 Makran Trench tsunami. The laterally extensive sheet-like 
shell rich layer was determined to be from tsunami-related deposition as opposed to 
storm-related as a majority of the shells were articulated or with angular breaks 
(Reinhardt et al., 2006; Morton et al., 2007; Donato et al., 2008; 2009). The presence of 
articulated or angularly fractured bivalves within Sur Lagoon indicated a marine-source 
and deep scouring of the offshore environment and was inferred to be a tsunami deposit 
from the 1945 Makran earthquake (Donato et al., 2008, 2009; Pilarczyk and Reinhardt, 
2012b). In addition to the shell concentration, the 1945 overwash layer is characterized 
by a slight red color, increased grain size, and decreased sorting (Donato et al., 2009). 
Coloring of overwash units change with time as chemical weathering and leaching 
occurs, therefore none of the seven inferred paleotsunami deposits possess red coloring 
(Pilarczyk and Reinhardt, 2012b).  
Similar to Donato et al. (2008), in Core 1 the 1945 Makran Trench tsunami unit is 
5 to 25 cm thick, a light to medium grey color, has a sharp lower contact, and contains a 
higher concentration of angular shell fragments compared to the surrounding lagoon 
sediment. Sharp or erosional lower contacts are common constituents of tsunami deposits 
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(Goff et al., 2012; Hawkes and Horton, 2012; Dura et al., 2015) because of the erosive 
nature of the waves as they strike the coastline. Although less common, shell 
concentrations have also been reported in association with storm and tsunami deposits 
(Reinhardt et al., 2006; Donato et al., 2008; Pilarczyk and Barber, 2015), with tsunami 
deposits containing angular fragments and articulated individuals, and storm deposits 
generally consisting of lower concentrations of shells that are rounded and disarticulated 
(Pilarczyk and Barber, 2015). 
The 1945 tsunami deposit in Core 1 is characterized by grain size trends of 
decreased sorting (4.06 to 2.52 at 20 cm and 60 cm respectively; Figure 4) and 
increased particle size within overwash (3.73  1.66) layers compared to lagoon 
sediment (4.44  1.66) (Tables 2 and 3). These trends are consistent with previous 
studies of overwash events within Sur Lagoon by Donato et al. (2009) who found that 
overall the 1945 tsunami contained coarser sediment and decreased sorting when 
compared to surrounding lagoonal sediment. When compared to the 1945 deposit, the 7 
additional inferred overwash units (T1-T7) show similar trends in grain size however 
Units 6 to 16 are largely similar with only subtle coarsening seen in overwash units 
(Tables 2 and 3). Tides could also be responsible for marine sand entering the lagoon, 
however the microtidal nature of Sur Lagoon would not generate sandy sediment 
accumulations similar to overwash deposits as the transport capacity of the tides is too 
low especially compared to both storm and tsunami inundation. In addition to the grain 
size characteristics, stratigraphically, tsunami overwash units are characterized by fining 
upward within the unit itself, and this is also true for the 1945 tsunami overwash deposit. 
Units within Core 1 contains four overwash units (T1-4) in addition to T8 (1945 tsunami) 
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that demonstrate this fining upward trend (i.e., T4, 8.78 to 4.24 at 165 cm to 171 cm 
respectively, and T3, 8.77 to 3.66 at 175 cm to 191 cm, respectively; Figure 4). 
However, finer sediments including fine silt and clays are often not well preserved within 
the geologic record because they are easily winnowed, therefore this trend is not always 
observed (i.e., T7-5). An increase in particle size between an overwash layer and the 
corresponding underlying sediment is a common characteristic that has been reported in 
both storm (e.g., Woodruff et al., 2008; Bregy et al., 2017; Soria et al., 2018) and tsunami 
(e.g., Pilarczyk et al., 2012; Dura et al., 2015; Rubin et al., 2017) deposit studies. While 
the inferred overwash events are characterized by coarser grain size, this distinction is 
subtle, which could be due to bioturbation within the sediments, tidal processes, or 
erosion of these laminations within the stratigraphic profile of Sur Lagoon. 
Marine foraminifera are common constituents of overwash deposits (Pilarczyk 
and Reinhardt, 2012b; Pilarczyk et al., 2014). Their presence indicates a marine source 
for the sediment (Pilarczyk et al., 2014) and their ecology and taphonomic character 
provide insight into how far offshore the sediment was sourced from (Sieh et al., 2015; 
Rubin et al., 2017; Kosciuch et al., 2017). Pilarczyk and Reinhardt (2012b) report that the 
1945 Makran Trench tsunami deposit is dominated by Ammonia inflata, Amphistegina 
spp. and planktics, as well as fragmented and altered, and large (>250m) sized 
foraminifera.  By contrast, the underlying and overlying lagoon layers are dominated by 
miliolids, Ammonia parkinsoniana, Ammonia tepida, Elphidium craticulatum, and 
Elphidium gerthi, fossil and corraded, small (<250m) sized foraminifera.  
Similar to Pilarczyk and Reinhardt (2012b), the 1945 deposit in Core 1 was 
dominated by Ammonia inflata (9.09 to 22.48%), and marine indicator species, planktics 
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(1.56 to 7.26%) and Amphistegina spp. (0.33 to 3.30%), unaltered (37.14 to 66.49%) and 
fragmented with rounded edges (23.10 to 32.06%), and a relative increase in large 
(>250m) sized foraminifera (Table 6). Amphistegina spp. and planktics are particularly 
useful as the presence or absence of these specific taxa will make sediment source 
identification simple; if Amphistegina spp. or planktics are present within a sample the 
sediment is most likely sourced from the offshore marine environment (Pilarczyk and 
Reinhardt, 2012b). Miliammina fusca is a common indicator of mangrove-dominated 
environments and the presence of this foraminiferal taxa indicates older mangrove 
communities at the location of Core 1 for a least the past 3000 years and demonstrates the 
long-term persistence of the Sur Lagoon mangrove ecosystem. One taxonomic group, 
miliolids, did not offer much useful data on a species basis as they are ubiquitous 
throughout the lagoon. However, this group was found to be taphonomically useful. 
Miliolids are found in high abundance within Sur Lagoon and were found to follow the 
taphonomic trends with both the inferred overwash layers and the surrounding lagoon 
sediment of higher abundances of corraded and fragmented individuals within Core 1 
(Table 6). In addition to these taxonomic and taphonomic trends, the presence of larger 
(<250 m) individuals is only seen in overwash layers, though in low abundances (0 - 3.8 
%; Table 6; Figure 6).  
Peaks in abundances of marine indicative species alongside increased 
concentration of foraminifera per cm3 were consistent throughout all seven inferred 
overwash layers in addition to the 1945 tsunami deposit (Table 6; Figure 6). All 
overwash layers (Units T1-T7) contained similar trends, with increased abundances of 
Ammonia inflata, planktics, Amphistegina spp., unaltered, fragmented with rounded 
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edges, and corraded foraminifera. In addition, Ammonia tepida were found in relative 
high abundances in U6 (T3), U8 (T4), and U14 (T7) even though Ammonia tepida is 
commonly found in lagoonal sediments (Figure 6). At Sur Lagoon, planktic foraminifera 
were exclusive to the overwash units (Table 6; Figure 6), a trend that is consistent with 
other studies of storm and tsunami deposits (Hawkes et al., 2007; Pilarczyk et al., 2016; 
Rubin et al., 2017). Compared to Rubin et al.’s (2017) study of the 2004 tsunami deposit 
in Sumatra, higher abundances of offshore species (8 to 14%) were present, compared to 
lower abundances found in Core 1 (i.e., Amphistegina spp. and planktics; 0 to 3.3% and 
0.30 to 7.3% respectively).  
In contrast to the overwash units, the foraminiferal assemblages within the lagoon 
layers of Core 1 (Units U1, U3, U5, U7, U9, U11, U13, U15 and U17) were similar to 
those described by Pilarczyk and Reinhardt (2012b) and characterized by miliolids, 
Ammonia parkinsoniana, Ammonia tepida, Elphidium craticulatum, and Elphidium 
gerthi, unaltered, corraded and fragmented with rounded edges, small (<250m) sized 
foraminifera (Table 6). Interestingly, a trend documented in previous tsunami studies 
using decreased foraminiferal concentrations as an indicator of overwash (i.e., Pilarczyk 
et al., 2016) does not apply to this study as higher concentrations were found within 
inferred overwash deposits (8243 to 34099 and 7910 to 16179 per 2.5 cm3; overwash and 
lagoon layers respectively; Table 6; Figure 6).  
Elemental trends 
The use of mineralogy and geochemistry of overwash deposits is growing 
(Chagué-Goff, 2010; Pham et al., 2017) and is providing useful information concerning 
the source of overwash sediments (Goff et al., 2012). The chemical composition of 
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tsunami overwash is a reflection of where it was originally sourced from (Goff et al., 
2012) and therefore provides information concerning sediment provenance and transport 
history (Font et al., 2013; Pham et al., 2017). The relative concentrations of titanium (Ti), 
magnesium (Mg), and barium (Ba) were found to be similar between both overwash and 
lagoonal units, which was unexpected as these elements have previously indicated 
terrestrial sources of sediment (Chagué-Goff et al., 2012, 2016).  The fact that these 
elements did not show much variation between overwash and lagoon layers suggests that 
overwash layers contained a mixed sediment source (i.e., lagoon, marine, and terrestrial 
material). Mixed sediment sources are common for large storm surges (Pilarczyk et al., 
2016) and tsunamis (Hawkes et al., 2007; Rubin et al., 2017) as the incoming surge and 
return flow scours, transports, and deposits both marine and terrestrial sediments. In 
addition to this sediment mixing, tidal flushing often causes surface sediments to be 
mixed and redeposited (Kraft, 1971). However, tidal sedimentation and mixing is most 
likely small as this is a low-energy system and the entrance channel serves to filter much 
of the coarse sediment before it gets transported to the mudflats of the lagoon (Kjerfve, 
1994). Additionally, strontium (Sr), calcium (Ca), and zirconium (Zr) were determined to 
have similar trends between overwash and lagoonal units (Table 9; Figure 7). The relative 
concentration of titanium (Ti) can indicate freshwater versus saltwater precipitants within 
Sur Lagoon with lower Ti measurements associated with saltwater, this general trend can 
be seen in several overwash layers of Core 1 (i.e., Unit 16 (T8); Figure 7) (Kuwatani et 
al., 2014). As no significant trends were found from single elemental data, ratios of some 
elements were also plotted (Figure 7). Plots of ratios of Ca to Sr and Ba to Sr 
demonstrated that strontium is relatively higher in concentration throughout Core 1 when 
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compared to both a marine sourced chemical (Ca) and a terrestrial sourced chemical (Ba) 
as described in Chagué-Goff et al. (2016) (Table 9; Figure 7). Complications with 
geochemical data are largely due to post-depositional changes such as chemical and 
physical weathering, both of which have been documented in Sur Lagoon (i.e., high 
temperatures, heavy seasonal rain events, tidal flushing; Lézine et al., 2002; 2010). In 
addition to these post-depositional processes, bioturbation of lagoonal organisms can 
smear and alter geochemical signatures within the geologic record, as was likely 
observed in Core 3. 
Distinguishing between storm versus tsunami deposition 
Sur Lagoon is susceptible to both tsunami and storm deposition (Fritz et al., 2010; 
Pilarczyk and Reinhardt, 2012b). In addition, marine input from tides should also be 
noted, however, modern velocities within the mudflats of Sur Lagoon likely do not reach 
those needed to transport and deposit coarse grain sediment (van Straaten, 1954). The 
tidal regime of the paleo-lagoon could have been much different therefore tidal 
deposition should be considered as a potential source for older marine inundation events 
or at least as a potential source of sediment into the lagoon. Tsunami and storm deposits 
have been described in copious studies using multi-proxy analyses in an attempt to 
differentiate between the two mechanisms of deposition (e.g., Kortekaas and Dawson, 
2007; Switzer and Jones, 2008; Atwater et al., 2013, 2017). It is not clear if 
distinguishing storm-related or tsunami-related overwash deposition is possible for arid 
environments such as Sur Lagoon due to similarities between onshore and offshore 
lithologic characteristics. However, the lack of a sedimentary unit after two recent and 
powerful cyclones (Gonu in 2007 and Phet in 2010; Donato et al., 2009; Fritz et al., 
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2010) made landfall on Sur favors a tsunami interpretation for most of the overwash 
units, however, storm-sourced marine inundation cannot be eliminated as previous storm 
histories are not well documented in this region.   
Distinguishing between the two types of overwash has been a challenge for long-
term geological reconstructions of storms and tsunamis (i.e., Kortekaas and Dawson, 
2007; Hawkes and Horton, 2012; Pilarczyk et al., 2014). Morton et al. (2007) were one of 
the first to document diagnostic criteria of storm and tsunami deposits. They report that 
tsunami deposits are characterized by sheet-like geometry and a thin sand bed (<25 cm) 
that is generally normally graded, with rip-up clasts, and an erosional lower boundary. By 
contrast, storm deposits are generally lobate sandy deposits that are characterized by 
relatively thick sand beds (>30 cm), landward thinning, and a sharp lower boundary. 
Tsunamis and storms occurring subsequent to Morton et al. (2007) provided the 
opportunity to assess the deposits associated with modern events in different 
geographical contexts (e.g., 2009 Samoa tsunami, 2011 Tohoku tsunami, 2013 Typhoon 
Haiyan). The events, among others, revealed that diagnostic criteria for either form of 
overwash can be challenged by examples from different locations (e.g., Pilarczyk et al., 
2012; Sawai et al., 2012; Hong et al., 2017; Soria et al., 2018). For example, Typhoon 
Haiyan’s bore-like storm surge produced a deposit that extended up to 2 km inland over 
several kilometers alongshore (Pilarczyk et al., 2016). The deposit was characterized by 
criteria previously thought to be attributed to tsunami deposition: rip-up clasts, kilometer-
scale inland inundation, and movement of large boulders (Soria et al., 2018).  
In addition to high-energy marine inundation events such as storms and tsunamis, 
marine material can enter the lagoon during the daily tidal flushing of the lagoon. Tides 
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are often responsible for landward transport of nearshore sediment (Kraft, 1971) and this 
is likely seen in Sur Lagoon, due to the regular flushing present within the tidal system 
(Kjerfve and Magil, 1989).  
Microfossils can identify overwash deposits, but on their own, cannot distinguish 
between storm and tsunami deposition (Pilarczyk et al., 2014). Mixed assemblages of 
onshore and offshore foraminiferal taxa and higher relative abundances of unaltered 
taphonomy have been documented in both storm and tsunami overwash sediments (i.e., 
Goff et al., 2011; Sieh et al., 2015). In contrast to research from Pilarczyk et al. (2016) 
using foraminiferal taxonomy and taphonomy to characterize overwash sediments 
associated with Typhoon Haiyan, overwash sediment from Core 1 of this study 
demonstrates lower relative abundances of unaltered taphonomy (i.e., Unit 2 (T1) and 
Unit 4 (T2) have relative abundances of 40.58 to 46.75% and 41.23 to 47.76%, 
respectively) compared to lagoonal sediments (i.e., Unit 1 and Unit 3 relative abundances 
of 63.21 to 74.43% and 57.33 to 71.66%; respectively; Table 6). Instead, relative 
abundances of corraded and fragmented specimen increased within all eight inferred 
overwash layers (i.e., Unit 2 (T1) relative abundances of corraded, 25.32 to 25.65%, and 
fragmented, 27.60 to 34.09%) compared to lagoonal sediments (i.e., Unit 1 has relative 
abundances of corraded and fragmented specimen, 13.59 to 22.93% and 11.47 to 14.51%, 
respectively) (Tables 6). Foraminiferal assemblages show marked differentiation between 
overwash and lagoon sediments but cannot reliably distinguish between storm and 
tsunami overwash deposition. Modern baseline studies (i.e., Pilarczyk et al., 2011) can be 
used to infer relative intensity of overwash deposits based on foraminiferal ecology and 
sediment provenance (Hong et al., 2017; Kosciuch et al., 2017).  
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One aspect to consider is that Sur Lagoon might have looked different at several 
points since its creation. Some evidence (i.e., bivalve and foraminiferal species, 
lithological features) suggests that this lagoon has been gradually infilling due to wadi 
inputs, storm and tsunami inundation, and potentially tidal deposition. This punctuated 
infilling reduced the accommodation space for overwash sediments to accumulate 
(Lézine et al., 2002) and makes it harder for lower intensity events to transport sediment 
into the lagoon (and for deposited sediment to be preserved) (Figure 9). As mentioned 
previously, lagoons and similar environments are favorable for long-term 
sedimentological records as they have accommodation space available for deposition and 
preservation and are generally low-energy systems (Dominey-Howes et al., 2006; Donato 
et al., 2009; Rubin et al., 2017). Figure 9 shows how Sur Lagoon infilled over the late 
Holocene with generalizations of null effects of uplift, sea level change, erosional, and 
depositional fluctuations. This schematic shows how the reduction of accommodation 
space from sediment infilling may prevent weaker inundation events from either entering 
the lagoon, or from being preserved within the stratigraphy of the lagoon.  
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Figure 9. Schematic of the evolution and infilling of Sur Lagoon. 
The map on the left depicts the direction of the transect used for the schematic on the right with A to A’ representing the transect from 
the mangrove communities of the lagoon toward the entrance channel. The schematic on the right represents a simplified infilling of a 
submerged basin with terrestrial input represented by the grey layers and marine inundation represented by yellow “sandy” layers. 
Moving from T0 at the bottom to T4 at the top demonstrates moving forward in time with T4 depicting modern conditions within the 
submerged basin. This is a simplified schematic that does not show the effects of sea level change, uplift, or bathometric variation 
within the system.  
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Historical context 
In addition to the 1945 Makran earthquake and subsequent tsunami, historical 
documents record several tsunamis that have impacted the Northern Arabian Peninsula 
(Ambraseys and Melville, 1982; Heidarzadeh et al., 2008). Of these 13 reported events, 
the oldest event occurred in 326 BC (328 BCE) and was responsible for the destruction of 
Alexander the Great’s Macedonian fleet (Dominey-Howes et al., 2006; Pararas-
Carayannis, 2006). Although reported in historical texts, the only event with supporting 
geologic evidence is the 1945 Makran Trench tsunami that is described by Donato et al. 
(2008, 2009) and Pilarczyk and Reinhardt (2012b).  
Of the radiocarbon dates collected from both cores none of the dates coincide 
with these 13 reported earthquakes (Tables 1, 7, and 8). However, three events reported 
by Heidarzadeh et al. (2008) have occurred since the 1945 event and would therefore be 
too “modern” or young to be useful. Additionally, if accommodation space is not 
available within the lagoon these events might not have been preserved within the 
stratigraphy of the lagoon. Unit 5, the largest stratigraphic unit analyzed in this research 
could coincide with the 326 BC (328 BCE) event (Table 7). An articulated bivalve 
collected from 369 cm was dated to -548 to 148 CE (Table 7). This apparent mismatch of 
historical documents and radiocarbon ages demonstrates the importance of constructing 
long-term geological records for regions prone to seismic activity. The data presented 
here indicate that overwash events have occurred in Sur Lagoon as recently as 1945 CE 
and implies that at least one older event not included within historical documentation as 
the oldest event reported by Heidarzadeh et al. (2008) was in 326 BC (328 BCE) and the 
deepest radiocarbon date corresponding to 1176 to 565 cal years BCE (Table 7).  
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CHAPTER V – CONCLUSIONS 
This study uses stratigraphy, grain size, foraminifera (taxonomy and taphonomy), 
elemental geochemistry, and radiocarbon dating to identify a series of eight overwash units 
deposited between 1176 to 565 cal year BCE and 1945 CE (Hypothesis 3). Overwash 
deposits described in this study represent the first long-term geological record of storm and 
tsunami inundation for the northern Arabian Sea and have implications for evaluating 
storm and tsunami hazards for the region. Overwash deposits at Sur Lagoon are 
characterized by coarser grain size (Hypothesis 1), fining upward sequences, poor sorting, 
large sized marine indicative foraminifera (i.e., planktics and Amphistegina spp.; 
Hypothesis 2), relative increases in the amounts of calcium and zirconium, and relative 
decreases in titanium and magnesium (Hypothesis 4). The infilling of Sur Lagoon over the 
late Holocene by wadi runoff and coastal inundation has created a marked reduction in 
accommodation space that likely prevented either the deposition or preservation of weaker 
coastal events and could be why major cyclones in 2007 and 2010 did not produce an 
overwash deposit. While storm and tsunami deposition could not be discriminated from 
one another, this study highlights the risk of marine inundation on the Omani coastline. An 
important contribution of this research is the combined use of several geological, 
biological, and chemical proxies was effective in distinguishing between lagoonal and 
marine-sourced overwash sediments within the arid environment of Sur Lagoon, Oman. 
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APPENDIX A – Supplemental Data 
 
Figure A1. Percent mud and sand in Core 1. 
Figure generated in R, plotting mean grain size measured in phi () and categorized as sand (<4) or mud (>4) for Core 1.
 71 
 
Figure A2. Percent mud and sand for Core 3. 
Figure generated in R, plotting mean grain size measured in phi () and categorized as sand (<4) or mud (>4) for Core 3. 
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Figure A3. Plate of selected foraminiferal taxa. 
Photographs of 12 taxa identified from Core 1. Ammonia inflata (1), Ammonia tepida (2), Ammonia parkinsoniana (3), Amphistegina 
spp. (4), Bolivina striatula (5), Elphidium gerthi (6), Elphidium craticulatum (7), Miliammina fusca (8), Peneroplis planatus (9), 
miliolids (10), Textularia sp. (11), and planktics (12). Scale bars represent 100 m. 
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Figure A4. Plate of taphonomic foraminiferal categories. 
Photographs of the four taphonomic conditions: unaltered (1, 5, 9, and 13), coraded (2, 6, 10, 14), rounded fragmented (3, 7, 11, 15), 
and angular fragmented (4, 8, 12, 16). Four foraminiferal taxa present are miliolids (1-4), Elphidium gerthi (5-8), Elphidium 
craticulatum (9-12), and Ammonia parkinsoniana (13-16). All scale bars represent 150 m. 
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APPENDIX B – Foraminiferal Biodiversity 
The Shannon Index of diversity (H) indicates the randomness of a sample 
(Shannon, 1948) that is used to evaluate ecological structure (or species diversity) by 
enumerating the movement of energy between tropic levels in a community (MacArthur, 
1955). The Shannon Index of diversity initially assumed a random distribution of species 
and is measured with the equation: 
 
Where Pi is abundance of each species relative to all species present within a 
sample (i.e. relative abundance) and i represents the number of species present within a 
sample (species richness, R). With larger values showing a more evenly distributed 
sample with lower diversity (Clarke and Warwick, 2001). Therefore, by calculating both 
the species richness (R) and Shannon Index of diversity (H) it is possible to understand 
species diversity within a sample and a system (e.g., Morris et al., 2014). 
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APPENDIX C – Taxonomic References 
Table A1. Foraminiferal taxonomic references. 
Foraminifera Reference 
Ammonia inflata (Seguenza, 
1962) 
Seguenza, G., 1862. Die terreni terziarii del distretto di Messina, Parte II. Descrizione dei 
foraminiferi monotalamici delle marne mioceniche del distretto di Messina. Messina: T. 
Capra, pp. 1-84. 
Ammonia parkinsoniana 
(d’Orbigny, 1839) 
B. K. Sen Gupta, L. E. Smith, and M. L. Machain-Castillo. 2009. Foraminifera of the Gulf of 
Mexico, in Felder, D.L. and D.K. Camp (eds.), Gulf of Mexico–Origins, Waters, and Biota. 
Biodiversity. Texas A&M Press, College Station, Texas., pp. 87–129. 
Ammonia tepida (Cushman, 
1926) 
Hayward, B.W., Buzas, M.A., Buzas-Stephens, P., Holzmann, M., 2003. The lost types of 
Rotalia beccarii var tepida Cushman, 1926. Journal of Foraminiferal Research 33, 352-354. 
Amphistegina lessonii 
(d’Orbigny, 1984) 
Reiss, Z. Hottinger, L., 1984. The Gulf of Aqaba Ecological Micropaleontology. Ecological 
studies, Volume 50. Berlin-Hiedelberg: Springer-Verlag, pp. 1-354. 
Amphistegina lobifera 
(d’Orbigny, 1880) 
Möbius, K., 1880. Foraminiferen von Mauritius. In K. Möbius, F. Richter, and E. Martens 
(eds.): Beiträge zur Meeresfauna der Insel Mauritius und der Seychellen. Berlin: Gutman, pp. 
65-112. 
Assilina ammonoides 
(Gronovius, 1987) 
Loeblich, A.R., Tappan, H., 1987. Foraminiferal genera and their classification. New York: 
Van Nostrand Reinhold Company. 2 v., 970 pp. 
Bolivina striatula (Cushman, 
1922) 
Baccaert, J., 1987. Distribution patterns and taxonomy of benthic Foraminifera in the Lizard 
Island Reef Complex, northern Great Barrier Reef, Australia. Ph.D. thesis. Liège: C.A.P.S. 
Lab. Biosédimentologie. 
Cibicides psuedolobatulus 
(Perelis and Reiss, 1976) 
Perelis, L., Reiss, Z., 1975. Cibicididae in Recent Sediments from the Gulf of Elat. Israel 
Journal of Earth Sciences 24: 73-96. 
Coscinospira sp. (Ehrenberg, 
1839) 
Gross, O. 2001. Foraminifera, in: Costello, M.J. et al. (Ed.) 2001. European register of marine 
species: a check-list of the marine species in Europe and a bibliography of guides to their 
identification. Collection Patrimoines Naturels, 50: pp. 60-75. 
Elphidium adventum (Cushman, 
1922) 
Gross, O. 2001. Foraminifera, in: Costello, M.J. et al. (Ed.) 2001. European register of marine 
species: a check-list of the marine species in Europe and a bibliography of guides to their 
identification. Collection Patrimoines Naturels, 50: pp. 60-75. 
Elphidium craticulatum (Fichtel 
and Moll, 1798) 
Hayward, B.W., Hollis, C.J., Grenfell, H.R., 1997. Recent Elphidiidae (Foraminiferida) of the 
South-West Pacific and fossil Elphidiidae of New Zealand. Institute of Geological and Nuclear 
Sciences, Monograph 16, 166 p. 
Elphidium gerthi (van 
Voorthuysen, 1957) 
Voorthuysen, J.H., 1957. Foraminiferen aus dem Eemien (Riss-Würm-Interglazial) in der 
Bohrung Amersfoort I (Locus typicus). Netherlands, Geologische Stichting, Mededeelingen, 
Haarlem, new ser., 11: 32. 
Elphidium striatopunctatum 
(Fichtel and Moll, 1798) 
Fichtel, L.v., Moll, J.P.C.v., 1798. Testacea microscopica aliaque minuta ex generibus 
Argonauta et Nautilus ad naturam delineate et descripta. Wien: Anton Pichler, p. VII+ 123. 
Globigerinita sp. (Cushman, 
1927) 
Loeblich Jr., A.R., Tappan, H., 1994. Foraminifera of the Sahul Shelf and Timor Sea. Special 
Publication. Cushman Foundation for Foraminiferal Research, 31. Cushman Foundation for 
Foraminiferal Research: Washington DC. 661 pp. 
Lamarckina ventricosa (Brady, 
1884) 
Brady, H.B., 1884. Report on the Foraminifera dredged by H.M.S. Challenger during the years 
1873-1876. Reports of the Scientific Results of the Voyage of H.M.S. Challenger (Zoology). 
9: 1-814. 
Miliammina fusca (Brady, 1870) Gross, O. 2001. Foraminifera, in: Costello, M.J. et al. (Ed.) 2001. European register of marine 
species: a check-list of the marine species in Europe and a bibliography of guides to their 
identification. Collection Patrimoines Naturels, 50: pp. 60-75. 
Patellinella sp. (Asano, 1936) Asano, K., 1936. Foraminifera from Muraoka-mura, Kamakura-gori, Kanagawa Prefecture 
(Studies on the fossil foraminifera from the Neogene of Japan, Part 1.). Journal of the 
Geological Society of Japan. 43:515. 
Peneroplis planatus (Fichtel and 
Moll, 1798) 
Gross, O. 2001. Foraminifera, in: Costello, M.J. et al. (Ed.) 2001. European register of marine 
species: a check-list of the marine species in Europe and a bibliography of guides to their 
identification. Collection Patrimoines Naturels, 50: pp. 60-75. 
Porosonion granosa (d’Orbigny, 
1846) 
Orbigny, A.d’., 1846. Foraminifères fossiles du Bassin Tertiaire de Vienne (Autriche). Paris: 
Gide et Comp.. 
Quinqueloculina sp. (d’Orbigny, 
1826) 
Loeblich, A.R., Tappen, H., 1964. Sarcodina chiefly “thecamoebians” and Foraminiferida. In 
R.C. Moore (ed): Treatise on Invertebrate Paleontology, Part C, Protista 2: Geological Society 
of America, University of Kansas Press, pp. 1-900. 
Rosalina orientlis (Cushman, 
1925) 
Cushman, J.A., 1925. Foraminifera of tropical central Pacific. Bernice P. Bishop Museum, 
Honolulu, Bulletin 27:121-144. 
Spirillina sp. (Cushman, 1942) Cushman, J., Renz, H.H., 1942. Eocene, Midway, Foraminifera from Soldado Rock, Trinidad. 
Contr. Cushman Lab. Foraminifera Research, 18(1): 1-14. 
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Textularia sp. (d’Orbigny, 1884) Brady, H.B., 1884. Report on the Foraminifera dredged by H.M.S. Challenger during the years 
1873-1876. Reports of the Scientific Results of the Voyage of H.M.S. Challenger (Zoology). 
9: 1-814. 
Triloculina sp., (d’Orbigny, 
1826) 
Gross, O. 2001. Foraminifera, in: Costello, M.J. et al. (Ed.) 2001. European register of marine 
species: a check-list of the marine species in Europe and a bibliography of guides to their 
identification. Collection Patrimoines Naturels, 50: pp. 60-75. 
Miliolids I.e. Triloculina sp. and Quinqueloculina sp. 
Planktics i.e. Globigerinita sp. 
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APPENDIX D – MATLAB code for generating PSD graphs 
fid=fopen('Core1_PSD_phi_and_microns.csv'); 
fmt='%f %f %f %f'; 
M=textscan(fid,fmt,'delimiter',',','headerlines',1); 
M=cell2mat(M); 
M=M(:,1:3); 
[mM,nM]=size(M); 
k=find(M(:,1)==63.5); 
l=length(k); 
k2=find(M(:,1)==0.5); % to get size vector 
s=M(k2,2); % this is a vector of particle size that should be the same for each bi1 
m=[63.5*ones(56,1) s(1:56) NaN*ones(56,1)]; 
M=[M(1:k(1)-1,:);m;M(k(1):mM,:)]; 
[mM,nM]=size(M); 
k=find(M(:,1)==291.5); 
M=[M(1:k(1)-1,:);[291.5 s(1) NaN];M(k(1):mM,:)]; 
 
figure 
 
x=reshape(M(:,2),92,493); 
y=reshape(M(:,1),92,493); 
z=reshape(M(:,3),92,493); 
pcolor(x,y,z); 
set(gca,'xlim',[0 11.24506804],'ydir','reverse') 
set(gca,'xdir','reverse') 
shading interp; colorbar('southoutside') 
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